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Ydjl is a member of the Hsp40 (Dna J- related) chaper- 
one family that facilitates cellular protein folding by 
regulating Hsp70 ATPase activity and binding unfolded 
polypeptides. Ydjl contains four conserved subdomains 
that appear to represent functional units. To define the 
action of these regions, protease-resistant Ydjl frag- 
ments and Ydjl mutants were analyzed for activities 
exhibited by the unmodified protein. The Ydjl mutant 
proteins analyzed were unable to support growth of 
yeast at elevated temperatures and were found to have 
alterations in the J-domain (Ydjl H34Q), zinc finger-like 
region (Ydjl C159T), and conserved carboxyl terminus 
(Ydjl G315D). Fragment Ydjl (1-90) contains the J-do- 
main and a small portion of the G/F-rich region and 
could regulate Hsp70 ATPase activity but could not sup- 
press the aggregation of the model protein rhodanese. 
Ydjl H34Q could not regulate the ATPase activity of 
Hsp70 but could bind unfolded polypeptides. The J-do- 
main functions independently and was sufficient to reg- 
ulate Hsp70 ATPase activity. Fragment Ydjl (179-384) 
could suppress rhodanese aggregation but was unable 
to regulate Hsp70. Ydjl (179-384) contains the con- 
served carboxyl terminus of DnaJ but is missing the 
J-domain, G/F-rich region, and a major portion of the 
zinc finger-like region. Ydjl G315D exhibited severe de- 
fects in its ability to suppress rhodanese aggregation 
and form complexes with unfolded luciferase. The con- 
served carboxyl terminus of Ydjl appeared to partici- 
pate in the binding of unfolded polypeptides. Ydjl C159T 
could form stable complexes with unfolded proteins and 
suppress protein aggregation but was inefficient at re- 
folding denatured luciferase. The zinc finger- like region 
of Ydjl appeared to function in conjunction with the 
conserved carboxyl terminus to fold proteins. However, 
Ydjl does not require an intact zinc finger-like region to 
bind unfolded polypeptides. These data suggest that the 
combined functions of the J-domain, zinc finger-like re- 
gion, and the conserved carboxyl terminus are required 
for Ydjl to cooperate with Hsp70 and facilitate protein 
folding in the cell. 



Hsp40 proteins make up an essential family of molecular 
chaperones that function to specify the cellular processes facil- 
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itated by Hsp70 (1-5). Prokaryotic and eukaryotic cells contain 
multiple Hsp40 proteins that act in specific pairs with Hsp70 at 
different cellular locations via conserved mechanisms (6-9). 
Escherichia coli DnaJ, the . progenitor of the Hsp40 family, 
functions to promote protein folding, degradation of misfolded 
proteins, and bacteriophage DNA replication (3, 10, 11). The 
mammalian Hsp40 protein Auxillin directs Hsp70 to uncoat 
clathrin-coated vesicles (12, 13). The cysteine string protein of 
Drosophilia is palmitolyated and localized to neurosecretory 
vesicles, where it is proposed to direct Hsp70 to catalyze puta- 
tive protein assembly/disassembly events required for neuro- 
transmitter release (14, 15). The yeast protein Tim44 is a 
component of the import machinery that directs the mitochon- 
drial cognate of Hsp70 to drive protein translocation into the 
matrix space (16-20). Ydjl is a cytosolic yeast protein that 
functions to deliver preproteins to organelle membranes (21, 
22), refold model protein substrates (23, 24), and facilitate the 
ubiquitin-dependent degradation of proteins (25). 

Hsp70 proteins bind and release unfolded polypeptides in an 
ATP-dependent reaction cycle, with the ADP-form of Hsp70 
exhibiting a higher affinity for substrates than the ATP-form 
(26). It is proposed that Hsp40 helps stabilize Hsp70-polypep- 
tide complexes through promoting the conversion of Hsp70- 
ATP to Hsp70-ADP (26-29). However, in some instances, 
Hsp40 proteins can promote the release of proteins that are 
bound to Hsp70 (7). Ydjl and a subset of Hsp40 family mem- 
bers also recognize aspects of non-native protein structure and 
bind protein folding intermediates in a manner that facilitates 
subsequent interactions between them and Hsp70 (28, 30-33). 
In the absence of Hsp40, complex formation between Hsp70 
and protein folding intermediates can be inefficient, which 
leads to the aggregation of substrate proteins (28, 31, 34). 

Sequence analysis suggests that the regulatory and chaper- 
one actions of Hsp40 family members are catalyzed by four 
different conserved sequence motifs that originate from DnaJ 
(3). Hsp40 proteins contain regions termed the J-domain, G/F- 
rich region, zinc finger-like domain, and conserved carboxyl 
terminus (1, 9). The J-domain corresponds to the amino-termi- 
nal 70 amino acid residues of DnaJ and is found in all Hsp40 
proteins. The J-domain is responsible for regulation of the ATP 
hydrolytic cycle of Hsp70. The NMR structure of J-domain 
demonstrates that it contains four regions of a-helical confor- 
mation, with helices I and II lying in an anti-parallel orienta- 
tion to helices III and IV (35-37). The orientation of helices I 
and II to III and IV is dictated by a loop in the J-domain formed 
by an HPD tripeptide that is found in all Hsp40 family mem- 
bers. Mutations in the HPD motif and faces of helices II and III 
abrogate the ability of Hsp40 proteins to interact with Hsp70 
and regulate its ATPase activity (38-41). 

Functions of the G/F-rich region, the zinc finger-like region 
and the conserved carboxyl terminus of Hsp40 proteins are not 
clear. The G/F-rich region is thought to act as a flexible spacer 
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between the J-domain and other regions in Hsp40 proteins (4). 
In the case of DnaJ, the G/F-rich region is required in conjunc- 
tion with the J-domain in order for productive interactions with 
E. coli Hsp70 to occur (42, 43). However, because several Hsp40 
family members lack the G/F-rich region and still interact with 
Hsp70, this conserved motif is not required for the function of 
all Hsp40 proteins (13, 14). Cysteine-rich repeats that resemble 
C4 zinc binding domains comprise the zinc finger-like domain 
and play a role in polypeptide binding by Hsp40 family mem- 
bers (44, 45). Fragments of DnaJ that contain the zinc finger- 
like region are capable of suppressing protein aggregation (45). 
However, family members that lack the zinc finger-like region 
can form complexes with cellular proteins and appear to func- 
tion as molecular chaperones (1-3). These data suggest that 
other regions of Hsp40 are also involved in interactions with 
non-native proteins. The conserved region in the carboxyl ter- 
minus of DnaJ lies adjacent to the zinc finger-like region and is 
typically present in Hsp40 proteins that bind polypeptides (1- 
5). However, a role for this domain in the function of Hsp40 
family members has not been determined. 

To further define the mechanism of action for Hsp40 proteins 
in cellular protein metabolism, we have carried out a structure- 
function analysis of Ydjl. The functional analysis of protease- 
resistant fragments and mutant proteins has identified subdo- 
mains in Ydjl responsible for its regulatory and chaperone 
activities. The J-domain functions independent of domains re- 
sponsible for chaperone functions and is sufficient for regula- 
tion of Hsp70 ATPase activity. The conserved carboxyl termi- 
nus was identified as a region in Ydjl that plays a major role in 
binding unfolded polypeptides. The zinc finger-like region was 
found to function in protein folding, but was not observed to be 
essential for stable binding of denatured model substrates. 
These data demonstrate that Ydjl contains independent func- 
tional units that act via a coordinated mechanism to assist 
Hsp70 in interactions with cellular proteins. 

MATERIALS AND METHODS 

Purification of Hsp70 and Ydjl— Hsp70 Ssal protein, termed Hsp70 
for the remainder of the text, was overexpressed in yeast strain MW141 
and purified by ATP-agarose, DEAE, and hydroxyapatite chromatogra- 
phy by established techniques (46). The open reading frames for Ydjl, 
Ydjl H34Q (39), and Ydjl G315D (24) were subcloned into pET9d, 
overexpressed in E. coli, and purified by ion-exchange and hydroxyap- 
atite chromatography as described previously (46). Ydjl C159T was 
tagged with six histidine residues at its amino terminus and purified by 
metal chelate chromatography (21). In experiments with Ydjl C159T, a 
histidine-tagged version of Ydjl was utilized as a control. 

Ydjl H34Q and Ydjl G315D both behaved similarly to Ydjl on 
ion-exchange columns, and these proteins all ran as dimers on gel 
filtration columns (data not shown). Therefore, it does not appear that 
the mutant forms of Ydjl we have purified are grossly misfolded. 
Histidine-tagged Ydjl was capable of suppressing the temperature 
sensitive growth phenotype of AYdjl strains and appeared to function 
with the same efficiency as Ydjl (data not shown). Additionally, puri- 
fied His-Ydjl behaved identically to the nontagged version in assays for 
regulatory and chaperone function described below (data not shown). 
Ydjl C159T behaved similarly to His-tagged Ydjl in all purification 
steps and ran as a dimer on gel filtration columns. 

Limited Proteolysis of Ydjl— Ydjl (0.5 mg/ml) was digested with 
trypsin or proteinase K (PK) 1 at the concentrations indicated in diges- 
tion buffer (150 mM KC1, 25 mM Hepes, pH 7.4, and 10 mM DTT) for 1 h 
at 25 °C. Digestions were terminated by the addition of phenylmethyl- 
sulfonyl fluoride to a final concentration of 1 mM. Protease-resistant 
fragments of Ydjl liberated were then analyzed by SDS-PAGE on 12.5 
or 16% acryl amide gels for the trypsin and PK digestions, respectively. 

Amino- terminal Sequencing of Proteolytic Fragments from Ydjl— 
Digested Ydjl (4.0 ng) was run out on SDS-PAGE gels to resolve the 
products of the proteolytic digestion from each other. Gels were then 
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soaked for 20 min in transfer buffer (10 mM 3-cyclohexylamino-l-pro- 
panesulfonic acid made in 10% methanol). Fragments were then elec- 
trophoretically transferred to polyvinylidene fluoride membranes in a 
Bio-Rad Mini-Wet cell blotter for 60 min with the power supply set at 50 
V constant voltage. Membranes were then soaked in water for 5 min to 
remove the transfer buffer and stained with Coomassie Blue R-250 to 
illuminate the positions of the transferred protein fragments. Frag- 
ments were excised from the membranes, and the identity of the first 
six amino acid residues in them were determined with a Perkin-Elmer 
Applied Biosys terns Microsequencing Apparatus. 

Molecular Weight Determination of Ydjl Fragments by Mass Spec- 
troscopy — The molecular weights of the products liberated from Ydjl by 
limited proteolysis were determined on a Perseptive Biosystems (Fram- 
ingham, MA) Voyager Elite MALDI-TOF mass spectrometer. Aliquots 
of digested material (5 /xl) were mixed with a saturated solution of 
a-cyano-4-hydroxy-cinnamic acid in a water: acetonitrile (50:50) mix- 
ture acidified with 0.1% trifluoroacetic acid. A l-/xl aliquot of this 
mixture was spotted onto a gold plate target. Ionization of the sample 
was then carried out with a nitrogen laser operating at 337 nm. A 
delayed extraction method was used in the determination of molecular 
weight. Measurement of ion flight times through the drift region of the 
mass spectrometer were carried, out with a Tektronix (Beaverton, OR) 
TDS784A oscilloscope. The instrument was calibrated with external 
molecular weight standards. 

Preparation of Protease-resistant Fragments from Ydjl for Func- 
tional Analysis — To analyze the function of Ydjl (1-383), Ydjl was 
digested with 2 /ag/ml of trypsin for 30 min at 25 °C. The trypsin was 
then inactivated with 0.5 mM phenylmethylsulfonyl fluoride, and the 
activity of Ydjl (1-383) was analyzed. At this trypsin concentration, 
Ydjl is almost completely converted to Ydjl (1-383) and contains less 
than 1% contamination with Ydjl or other fragments (Fig, LB, lane 3). 
The levels of contaminants in this preparation were calculated to be 
insufficient to account for the observed activity of Ydjl (1-383). 

To generate Ydjl (102-394), Ydjl (179-384), and Ydjl (1-90) for 
functional analysis, digestions of Ydj 1 with two different concentrations 
of PK were carried out. Then, the different Ydjl fragments generated 
were separated from each other by high performance liquid chromatog- 
raphy gel filtration chromatography, concentrated, and immediately 
assayed for activity. To generate Ydjl (102-394) virtually free of Ydjl 
(179-384) and Ydjl (1-90), 1 mg of Ydjl (1 mg/ml) was digested with 
1-2.0 Mg/ml PK for 45 min at 25 °C. The concentration of PK utilized for 
this digestion was adjusted so that Ydjl was efficiently converted to 
Ydjl (102-394), but only minimal conversion to Ydjl (179-384) could 
occur (see Fig. 1C, lane 3). To separate Ydjl (102-394) from Ydjl (1-90) 
generated in protease digestions, reaction mixtures loaded onto a Bio- 
Rad Bio-Select G-250 gel filtration column. The column was then de- 
veloped with a mobile phase consisting of 150 mM KC1, 20 mM Hepes, 
pH 7.4, and 2 mM DTT that was pumped at 0.6 ml/min with a back 
pressure of 850 psi. Fractions (0.5 ml) were collected with a Bio-Rad 
Biologic medium pressure chromatography system and analyzed by 
SDS-PAGE to identify peaks. Ydjl (102-394) and Ydjl (179-384) eluted 
at 7.8 ml, and Ydjl (1-90) eluted at 9.0 ml. The recovery of Ydjl 
fragments in this step was typically 40% of the starting material. Gel 
filtration typically resolved the majority of Ydjl (1-90) from Ydjl (102- 
394), but a 3% contamination of this fragment remained, and Ydjl 
(179-384) was present as a 5% contaminant. The quantity of Ydjl 
(179-384) and Ydjl (1-90) present in the Ydjl (102-394) preparations 
were calculated to be insufficient to account for the activity of this 
fragments in functional assays. 

To prepare Ydjl (179-394) free of Ydjl (102-394), Ydjl was digested 
under the conditions listed above, with 7.5 /Ag/ml PK. Ydjl fragments 
liberated in a representative digestion are exhibited in Fig. 1C, lane 5. 
To separate Ydjl (179-384) from Ydj 1 (1-90) and the unidentified lower 
molecular weight fragments generated, these samples were loaded onto 
on a Bio-Rad Bio-Select G-250 column and treated as described above. 
Ydjl (179-384) eluted at 8.0 ml of mobile phase, and Ydjl (1-90) eluted 
at 9.0 ml. The Ydjl (179-384) fraction was routinely 93% pure with a 
4% contamination of Ydjl (1-90) and a 3% contamination of unidenti- 
fied proteolytic products. The level of Ydjl (1-90) and other contami- 
nating bands present in this preparation were calculated to be insuffi- 
cient to account for the activity attributed to Ydjl (179-384). 

To generate a preparation of Ydjl (1-90) that was free of larger Ydjl 
fragments, digestions were carried out with 2.0 iig/m\ as described 
above. Ydjl (1-90) was then resolved from the Ydjl (102-394) and Ydjl 
(179-384) generated by the PK digestion (Fig. 1C, lane 3) by gel filtra- 
tion as described above. The Ydjl (1-90) peak fraction was about 95% 
pure and contained a 5% contamination with Ydjl (102-394) and Ydjl 
(179-384). Ydjl (1-90) ran as a broad band on SDS-PAGE gels, but 
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micros equence analysis indicated that the majority of protein in this 
band had an amino terminus that corresponded to residues 1-6 of Ydjl 
(Fig. ID) and to the J-domain of Ydjl. Analysis of the peptides in the 
Ydjl band by mass spectroscopy indicated that the major fragment of 
Ydjl present in this band was 9596 Da in size and corresponded to Ydjl 
(1-90). We have calculated that the levels of Ydjl (102-394) and Ydjl 
(179-384) that contaminate the Ydjl (1-90) preparation are too low to 
account for the functional activity attributed to this fraction. 

Assay for Hsp70 ATPase Activity — Purified Hsp70 was incubated in 
a reaction mixture containing 10 mM Hepes, pH 7.4, 80 mM KG, 10 mM 
DTT, 1 mM MgCl 2 , and 50 m ATP ([a- 32 P]ATP, 2.0-3.0 x 10 5 cpm/ 
pmol) for 10 min at 30 °C. Reactions were then placed on ice, and 
duplicate 2-/d aliquots were assayed for ADP formation by thin layer 
chromatography on PEI cellulose plates (46). Spontaneous ADP forma- 
tion was assayed and subtracted prior to calculations for rates of ATP 
hydrolysis. The kinetics of Hsp70 ATPase activity were linear for at 
least 20 min under these experimental conditions (46). 

Rhodanese Aggregation Assay — Rates of rhodanese aggregation were 
determined by light scattering as described previously (31), Briefly, 
bovine rhodanese (50 ^m; Sigma) was denatured for 1 h at 25 °C in 6 M 
guanidinium-HCl buffered with 20 mM Hepes, pH 7.4, and fresh 10 mM 
DTT. Denatured rhodanese was diluted 100-fold into 300 jil of reaction 
buffer composed of 20 mM Hepes, pH 7.4, 80 mM KC1, and 10 mM DTT. 
When present, respective chaperone proteins were added prior to rho- 
danese. Rates of rhodanese aggregation were determined by monitoring 
increases in light scattering over time with a spectrophotometer set at 
320 nm at 25 °C. 

Luciferase Folding Assays — Refolding of firefly luciferase (Promega) 
by Ydjl and Hsp70 was carried out as described previously (47). Lucif- 
erase (13 mg/ml) was diluted 42-fold into denaturation buffer (25 mM 
Hepes, pH 7.4, 50 mM KC1, 5 mM MgCl 2 , 6 m guanidinum-HCl, 5 mM 
DTT). The denaturation reaction was allowed to proceed for 40 min at 
25 °C, and then a l-/il aliquot was removed and mixed with 125 jxl of 
refolding buffer (25 mM Hepes, pH 7.4, 50 mM KC1, 5 mM MgCl 2 , 1 mM 
ATP) and incubated at 30 °C. Aliquots of 1 fxl were removed from the 
refolding buffer at indicated times and mixed with 60 /u.1 of luciferase 
assay reagent (Promega). Luciferase activity was then measured with a 
Turner TD-20/20 luminometer. Ydjl (1.6 mm), the Ydjl mutants (1.6 
/am), and Hsp70 (0.8 jtM) were added to reactions prior to luciferase. The 
level of luciferase activity observed when Ydjl and Hsp70 were present 
in reaction mixture was 17-fold higher than that activity observed when 
these chaperone proteins were omitted, which is consistent with previ- 
ous reports (47). 

Measurement of Complex Formation between Ydjl and Luciferase — 
Firefly luciferase (7.5 /a1) in a 100 i±M stock that was denatured in 6 m 
guanidinium-HCl, 10 mM Hepes, pH 7.4, and 10 mM DTT and was 
mixed with 292.5 ;d of folding buffer (150 mM KC1, 10 mM Hepes, pH 
7.4, 1 mM DTT) to give a final concentration of 2.5 jam. Where indicated, 
5 jllM Ydj 1 or its mutant forms were added to folding buffer prior to the 
addition of luciferase. After a 20-min incubation period at 25 °C to allow 
complexes between Ydjl and luciferase to form, reactions were loaded 
onto a Novarose SE-1000/17 column (Bio-Rad) equilibrated with folding 
buffer and eluted at a flow rate of 1 ml/min. To determine where Ydjl 
and luciferase migrated, 0.5 ml fractions were collected, and the pro- 
teins present in 400 /itl aliquots of each fraction were precipitated by the 
addition of 1.2 ml of acetone. Pelleted material was resuspended in 10 
/il of sample buffer and analyzed on 10% SDS-PAGE gels. The concen- 
tration of Ydjl and luciferase present in different fractions was quan- 
titated by densitometry. In the absence of luciferase, Ydjl eluted at 9.0 
ml of mobile phase. In the absence of Ydjl, less than 1% of the unfolded 
luciferase eluted, whereas almost 50% of native luciferase was recov- 
ered in a peak at 10 ml. When Ydjl (5 /am) and native luciferase (2.5 jum) 
were mixed and then injected onto the column, no alteration in the 
migration of either protein was observed. When Ydjl and unfolded 
luciferase (2.5 /am) were mixed and then injected, approximately 10% of 
Ydjl eluted in a peak at 5 ml, as did approximately 10% of the added 
luciferase. Shown in Fig. 6D is the quantitation of the luciferase that 
co-migrated with Ydjl and its mutants under these assay conditions. 

RESULTS 

To determine its domain structure, Ydjl was digested with 
limited concentrations of trypsin and PK, and the fragments 
that were liberated were analyzed by SDS-PAGE (Fig. 1). Ami- 
no-terminal amino acid sequencing and mass spectrometry was 
then utilized to determine the origin of the fragments liberated 
by these treatments. This analysis revealed that Ydjl contains 
several protease-resistant subdomains that might correspond 
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Fig. 1. Limited proteolytic digestion of YDJl liberates several 
protease-resistant subdomains. A, schematic diagram of YDJl 
showing the location of its conserved motifs. The numbers indicate 
residues where YDJl was cleaved by trypsin or PK H34, C159, and 
G315 denote the positions of residues in YDJl that are mutated in 
YDJl H34Q, YDJl C159T, and YDJl G315D, respectively (see below). 
B, digestion of YDJl (0.5 mg/ml) with indicated concentrations of tryp- 
sin at 25 °C for 1 h. C, digestion of YDJl with indicated concentrations 
of PK at 25 °C for 1 h. D, characterization of the protease-resistant 
fragments from YDJl. In panel D, A, B, C, and D correspond to bands 
labeled as such on SDS-PAGE gels in panels B and C. Molecular mass 
of individual fragments was determined by mass spectroscopy. The 
amino-terminal sequence of the respective Ydjl fragments was deter- 
mined by microsequencing. The column titled amino acid residues de- 
notes the position in YDJl to which the respective protease-resistant 
fragments correspond (see under "Materials and Methods" for details). 

to independent functional units. Trypsin cleaved a 2602-Da 
peptide from the carboxyl terminus of Ydjl to generate band A, 
which corresponded to amino acids 1-383 (Fig. 1, B and D). 
Digestion of Ydjl with PK converted Ydjl into bands B, C, and 
D, which were 32268, 22800, and 9596 Da in size and corre- 
sponded to Ydjl (102-394), Ydjl (179-384), and Ydjl (1-90), 
respectively. Ydjl (102-394) and Ydjl (1-90) were prominent 
when digestions were carried out with 1 ftg/ml PK, whereas 
Ydjl (179-384) was observed at higher protease concentrations 
(Fig. 1C). Ydjl (1-90) contains the complete J-domain of Ydjl 
and a small portion of G/F region (Fig. 1A). Ydjl (102-394) is 
missing the J-domain and G/F region, but contains the zinc 
finger-like region and the conserved carboxyl terminus of 
DnaJ. Ydjl (179-384) contains two of the four cysteine-rich 
repeats that make up the zinc finger-like region and the entire 
conserved carboxyl terminus. 

To determine the function of the different subdomains in 
Ydjl that were defined by limited proteolysis, several unsuc- 
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Fig. 2. Stimulation of Hsp70 ATPase activity by different sub- 
domains in YDJl. Hsp70 (0.5 jttM) was incubated with [ 32 P] ATP for 10 
min at 30 °C, and YDJl or its subdomains were added as indicated. 
YDJl and its fragments were not capable of hydrolyzing ATP independ- 
ent of Hsp70 (see under "Materials and Methods" for details). 

cessful attempts were made to express corresponding frag- 
ments of Ydjl in E. coli (data not shown). Fragments of Ydjl 
that contained just the J-domain appeared to be toxic to the cell 
and were expressed at levels too low to allow for purification to 
homogeneity. Ydjl (102-394) and Ydjl (179-384) were not 
toxic to cells but did not accumulate to high levels in E. coli, 
Histidine-tagged versions of the Ydjl fragments could be puri- 
fied, but these proteins appeared to be misfolded and were 
inactive. Therefore, we chose to purify the different protease- 
resistant Ydjl fragments by gel filtration and analyze them for 
activity in reactions that are catalyzed by the full-length pro- 
tein (see under "Materials and Methods" for details). 

To identify regions in Ydjl responsible for interaction with 
Hsp70, Ydjl (1-90), Ydjl (1-383), Ydjl (102-394), and Ydjl 
(179-384) were tested for their ability to stimulate Hsp70 
ATPase activity (Fig. 2). Ydjl (1-90) and Ydjl (1-383) were 
able to stimulate the ATPase activity of Hsp70 to the same 
degree and in the same concentration range as Ydjl. Con- 
versely, Ydjl (102-394) and Ydjl (179-384) appeared unable to 
interact with Hsp70. The J-domain of Ydjl contains sufficient 
information for high affinity recognition by Hsp70. 

To define regions in Ydjl responsible for interactions with 
unfolded polypeptides (31), the aforementioned Ydjl fragments 
were tested for their ability to suppress the aggregation of 
denatured rhodanese (Fig. 3). Ydjl reduced rhodanese aggre- 
gation in a dose-dependent manner with maximal suppression 
occurring at a 10:1 molar ratio of chaperone to substrate (Fig. 
3). Ydjl (1-90) was completely inactive, whereas Ydjl (1-383) 
suppressed rhodanese aggregation in a manner nearly identi- 
cal to Ydjl. Ydjl (102-394) and Ydjl (179-384) were also 
capable of suppressing rhodanese aggregation, but a 2-fold 
higher concentration was required. 

These data suggest that a region capable of binding unfolded 
proteins is present within Ydjl (179-384). Ydjl (179-384) is 
missing the J-domain, G/F region, and two of the four cysteine- 
rich repeats present in the zinc finger-like region (Fig. LA) but 
contains the conserved carboxyl terminus of DnaJ. Ydjl (102- 
394) contains the complete zinc finger-like region and the con- 
served carboxyl terminus of Ydj 1 but is no more effective than 
Ydjl (179-384) in suppressing rhodanese aggregation. Loss of 



half of the zinc finger-like region, therefore, does not alter the 
ability of Ydjl to suppress protein aggregation. The portion of 
the zinc finger-like region that remains in Ydjl (179-384) may 
contribute to the polypeptide binding activity of this fragment. 
Attempts to generate a fragment of Ydjl that contained only 
the conserved carboxyl terminus were unsuccessful (data not 
shown). Nonetheless, these data support the conclusion that 
regions in the carboxyl terminus of Ydjl participate in the 
binding of unfolded polypeptides. 

Ydjl and Hsp70 synergistically cooperate to suppress protein 
aggregation in a process that requires hydrolysis of ATP (31). 
To determine what regions of Ydjl are required for this syner- 
gism to occur, the ability of the Ydjl fragments to aid Hsp70 in 
the suppression of protein aggregation was measured (Fig. 4A). 
When added at concentrations where Hsp70 (0.5 ju,m) or Ydjl 
(1.0 /xm) alone had no influence on aggregation of 0.5 yM rho- 
danese, the combination of these two chaperone proteins sup- 
pressed this reaction by over 80%. When Ydjl (1-90) was added 
at concentrations at which it saturates the ATP regulatory site 
on Hsp70, it could not enhance the action of Hsp70, whereas 
Ydjl (1-383) suppressed protein aggregation by over 70%. Ydjl 
(102-394) and Ydjl (179-384) were also unable to assist Hsp70 
in the suppression of protein aggregation. Similar results were 
observed when the combination of Ydjl (1-90) and Ydjl (102- 
394) was added to reaction mixtures with Hsp70. Thus, the 
regulatory or chaperone activity of Ydjl alone is insufficient to 
assist Hsp70 in the suppression of protein aggregation. The 
coordinated action of the regulatory and chaperone domains on 
Ydjl assist Hsp70 in facilitating cellular protein folding. 

Regions within the J-domain that are recognized by Hsp70 
are not clearly defined. Sequence analysis and structural data 
suggest that helix II and the HPD tripeptide may be specifi- 
cally recognized by Hsp70 (35-37). Tsai and Douglas (39) have 
reported that a 20-residue peptide, Ydjl (21-40), which corre- 
sponds to helix II and the HPD motif, blocks interactions be- 
tween Ydjl and Hsp70. However, whether Hsp70 recognizes 
other regions of the J-domain that contain the HPD tripeptide 
remains unclear. Therefore, we compared the ability of Ydjl 
(1-90), Ydjl (21-40), and YDJl (33-52) to interact with Hsp70. 
Ydjl (33-52) contains the HPD motif, which is flanked by helix 
III instead of helix II. To assay for interactions between these 
peptides and Hsp70, their ability to block the cooperative sup- 
pression of protein aggregation by Ydjl and Hsp70 was deter- 
mined (Fig. 45). Ydjl (1-90), which contains the HPD tripep- 
tide flanked by both helix II and helix III, blocked Ydjl-Hsp70 
interactions at a 10:1 molar ratio of Ydjl (1-90) to Ydjl. At 
concentrations up to 250 )llM, a control peptide, Ydjl (1-20), 
which contains helix I of the J-domain, had very little influence 
on Ydjl-Hsp70 interactions. Ydjl (21-40) inhibited Ydjl- 
Hsp70 interactions, with maximal inhibition occurring at 100 
jam peptide. Ydjl (33-52) could also block Ydjl-Hsp70 interac- 
tions but was 2.5-fold less effective than Ydjl (21-40) and 
25-fold less effective than Ydjl (1-90). When the ability of Ydjl 
or Hsp70 to suppress protein aggregation was assayed inde- 
pendently, none of the aforementioned peptides were inhibitory 
(data not shown). 

Helix II and the HPD motif appear to interact with Hsp70 
with higher affinity than HPD-helix III. However, Ydjl (21-40) 
and Ydjl (33-53) were both an order of magnitude less effective 
than Ydjl (1-90) at blocking interactions between Ydjl and 
Hsp70. Therefore, Hsp70 can recognize HPD-helix II and HPD- 
helix III peptides, but with a much lower affinity than Ydjl 
(1-90). 

To further understand the role the J-domain, the zinc finger- 
like region, and the conserved carboxyl terminus play in Ydjl 
function, Ydjl H34Q, Ydjl C159T, and Ydjl G315D were puri- 
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Fig. 3. Suppression of protein aggregation by different subdomains of YDJl. Bovine rhodanese (50 \m) was denatured in 6 M 
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of YDJl were added to reactions prior to unfolded rhodanese. Protein aggregation was monitored by light scattering at 320 nm at 25 °C for the 
indicated times. Protein aggregation is expressed as a percentage of the total amount of light scattering observed in the absence of chaperones after 
a 10-min incubation (see under "Materials and Methods" for details). 



fied and tested for functions exhibited by Ydjl. Ydjl H34Q has 
a point mutation in the HPD motif that hinders the ability of 
Ydjl to interact with Hsp70 (39). Ydjl C159T contains a mu- 
tation in a conserved cysteine found in the first of two putative 
zinc binding domains in Ydjl (Fig. 1A) and is unable to support 
protein translocation into mitochondria (21). Ydjl G315D has a 
mutation in a highly conserved glycine in the carboxyl termi- 
nus and is not capable of supporting Hsp90 mediated signal 
transduction to the nucleus (24). The respective Ydjl mutants 
can support growth of yeast at 30 °C and therefore appear to 
fold properly in vivo, but strains become nonviable at 37 °C (21, 
24, 39). All three mutant proteins were purified by standard 
techniques and ran as dimers on gel filtration columns, which 
suggested that they did not misfold during overexpression in E. 
coli or purification by column chromatography (data not 
shown). 

Ydjl C159T and Ydjl G315D were both able to stimulate the 
ATPase activity of Hsp70 approximately 6-7-fold (Fig. 5A). The 
shapes of titration curves for stimulation of Hsp70 ATPase by 
Ydjl C159T and Ydjl G315D were identical to those of Ydjl 
(data not shown; Fig. 2). As reported by Tsai and Douglas (39), 
Ydjl H34Q was unable to regulate the ATP hydrolytic cycle of 
Hsp70 (Fig. 5A). These data demonstrate that mutations in the 



zinc finger-like region and the conserved carboxyl terminus do 
not hinder the ability of Ydj 1 to regulate Hsp70 ATPase activ- 
ity and that Ydjl C159T and Ydjl G315D are functional 
proteins. 

Next, the ability of the different forms of Ydj 1 to function as 
molecular chaperones and suppress protein aggregation was 
examined (Fig. 5£). Ydjl H34Q and Ydjl C159T behaved sim- 
ilarly to Ydjl and were both able to suppress the aggregation of 
rhodanese in a dose-dependent manner. Maximal suppression 
of protein aggregation by Ydjl, Ydjl H34Q, and Ydjl C159T 
was observed at a 10:1 molar ratio of chaperone to substrate. 
These data suggest that the J-domain and residue Cys-159 in 
the zinc finger-like region are not essential for interactions 
between Ydjl and unfolded polypeptides to occur. On the other 
hand, mutation of the conserved carboxyl terminus caused 
severe defects in Ydjl chaperone function. Ydjl G315D at 10:1 
and 20:1 molar ratios to rhodanese was inefficient at suppress- 
ing protein aggregation (Fig. 5C). In three independent exper- 
iments, 5 /xm Ydjl suppressed the aggregation of 0.5 fiM rho- 
danese and average (± S.D.) of 77 ± 3.2%, whereas 5 fxu Ydjl 
G315D reduced aggregation by 7.5 ± 7.0%. It therefore appears 
that Gly-315 is required for efficient interactions between Ydjl 
and unfolded proteins. These data support the previous inter- 
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Fig. 4. Suppression of protein aggregation by Ydjl and Hsp70. 

Rates of rhodanese aggregation were measured as described in the 
legend to Fig. 3. Where indicated, Hsp70 (0.5 j*m), YDJl (1.0 /tM), and 
the respective protease-resistant fragments (1.0 /im) were added to 
reactions prior to rhodanese. All reactions contained 1 mM Mg-ATP. In 
the absence of ATP, no synergistic interactions between YDJl and 
Hsp70 were observed. Results are expressed as a percentage of the 
rhodanese aggregation that occurred during a 10-min incubation in the 
absence of chaperone proteins. 

pretation that the conserved carboxyl terminus of Ydjl func- 
tions in polypeptide binding. 

Tested next was the ability of the respective Ydjl mutants to 
cooperate with Hsp70 in the suppression of rhodanese aggre- 
gation. Ydjl H34Q was unable to cooperate with Hsp70, 
whereas Ydjl C159T was almost as effective as Ydjl in assist- 
ing Hsp70 in the suppression of protein aggregation (Fig. 5C). 
Interestingly, Ydjl G315D was able to partially suppress pro- 
tein aggregation when added in combination with Hsp70. In six 
separate trials, the combination of Ydjl G315D and Hsp70 
reduced rhodanese aggregation to 65 ± 11% of control levels as 
compared with 29 ± 9% for Ydjl. Analysis of these data by 
Student's t test indicates that the activity of the Hsp70/Ydjl 
G315D co-chaperone pair is significantly different from the 
control and the Hsp70/Ydjl pair to a confidence level of greater 
than 99%. Therefore, the data presented in Fig. 5 demonstrate 
that Ydjl G315D exhibits a reduced level of polypeptide bind- 
ing activity and is less efficient than Ydjl at assisting Hsp70 in 
the suppression of protein aggregation. 

If Ydjl C159T can regulate the ATPase activity of Hsp70 and 
suppress the aggregation of protein folding intermediates, then 
what is the defect in its function? One possibility is that Ydjl 
C159T can bind unfolded proteins efficiently but is inefficient 
at folding them. To address this issue, we examined the ability 
of Ydjl C159T to refold the model protein luciferase, which had 
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Fig. 5. Biochemical characterization of YDJl mutants. A, reg- 
ulation of Hsp70 ATPase activity by YDJl H34Q, YDJl C159T, and 
YDJl G315D. Hsp70 (0.5 iim) was incubated with the different forms of 
YDJl in the presence of [a- 32 P]ATP for 10 min at 30 °C. At the 2:1 
YDJl:Hsp70 molar ratio utilized in this assay, maximal stimulation of 
Hsp70 ATPase activity by YDJl, YDJl C159T, and YDJl G315D was 
observed. B, suppression of rhodanese aggregation by mutant forms of 
YDJl. Aggregation of denatured rhodanese (0.5 jim) was measured as 
described in the legend to Fig. 3. C, cooperation between Ydjl and 
Hsp70 in the suppression of protein aggregation. When present, Hsp70 
(0.5 jllm) and the different forms of YDJl (1.0 /am) were added prior to 
unfolded rhodanese (0.5 /j,m). Results are expressed as a percentage of 
the total rhodanese aggregation that occurred in the absence of chap- 
erone proteins during a 10-min incubation at 25 °C. N denotes the 
number experiments carried out to generate the averages (+/ indi- 
cates ± S.D.) of the results obtained and presented here. 



been denatured with guanidinium-HCl and allowed to refold at 
25 °C (Fig. 6A). The molar ratios of Hsp70 and Ydjl to lucifer- 
ase in these reactions were optimized to allow efficient refold- 
ing of luciferase to occur (data not shown). The combination of 
Ydjl and Hsp70 enhanced the folding of luciferase 17-fold over 
spontaneous rates and 8-9-fold over rates observed when these 
chaperone proteins were added independently. Substitution of 
Ydjl H34Q for Ydjl reduced folding rates to those observed 
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when just Hsp70 was present, which demonstrated that a 
functional J-domain is required for protein folding by Ydjl. The 
combination of Ydjl G315D and Hsp70 was also inactive in 
refolding luciferase. Ydjl C159T exhibited severe defects in its 
ability to cooperate with Hsp70 and refold luciferase but was 
partially active. Over the first 30 min of the folding reaction, 
Ydjl C159T cooperated with Hsp70 to refold luciferase at rates 
that were 4-5-fold slower than with Ydjl. 

Ydjl C159T and Ydjl G315D might refold luciferase ineffi- 
ciently because their J-domains are not accessible to Hsp70 
under these assay conditions. To exclude this possibility, the 
ability of Ydjl C159T and Ydjl G315D to block protein refold- 
ing by the Hsp70-Ydjl co-chaperone pair was determined (Fig. 
6BI Addition of Ydjl C159T and Ydjl G315D to incubations at 
10:1 molar ratio over Ydjl reduced the level of luciferase fold- 
ing by greater than 80%. Addition of Ydjl H34Q at similar 
concentrations had no influence on the ability of Ydjl and 
Hsp70 to refold luciferase. Thus, it appears that defects in the 
chaperone functions of Ydjl C159T and Ydjl G315D are the 
reason for their inability to fold proteins. 

Inability of Ydjl to form complexes with unfolded luciferase 
might explain why Ydjl C159T and Ydjl G315D exhibit defects 
in protein folding. To test this possibility, complex formation 
between Ydjl and luciferase was measured by monitoring the 
co-migration of these proteins on a gel filtration column (see 
under "Materials and Methods" for details). Shown in Fig. 6D is 
the quantitation of such a binding assay, which demonstrated 
that Ydjl C159T is capable of forming tight complexes with 
protein folding intermediates. The level of complex formation 
between luciferase and Ydjl C159T was routinely the same as 
that observed with Ydjl and corresponded to approximately 
10% of the total luciferase added to reactions. Ydjl C159T was 
also able to form ternary complexes with unfolded luciferase 
and Hsp70 with an efficiency similar to that of Ydjl (data not 



shown). Levels of complex formation between Ydjl G315D and 
unfolded luciferase were approximately 90% lower than that 
observed for Ydjl, but they were detectable. 

These data demonstrate that mutation of Cys-159 in the zinc 
finger-like region does not grossly alter the ability of Ydjl to 
form stable complexes with unfolded luciferase, whereas mu- 
tation of the conserved carboxyl terminus severely reduces 
polypeptide binding activity. Defects in formation of stable 
complexes with unfolded polypeptides are likely to account for 
the inability of Ydjl G315D to suppress the aggregation of 
rhodanese (Fig. 3) and refold luciferase (Fig. 6). Defects in the 
function of Ydjl C159T appear more complex and are discussed 
below. 

DISCUSSION 

To fold polypeptides, Hsp70 and Hsp40 form complexes with 
folding intermediates to prevent them from entering nonpro- 
ductive pathways that lead to aggregation (5). Polypeptides 
released from this ternary complex are often in non-native 
conformations and must be rebound by Hsp70 and Hsp40 sev- 
eral times before they fold properly. Data presented herein 
indicate that the combined action of the J-domain, the zinc 
finger-like region, and the conserved carboxyl terminus is re- 
quired for Ydjl and Hsp70 to efficiently bind polypeptides at 
different stages of folding and promote their passage to the 
native state. 

Defective chaperone function of Ydjl C159T and Ydjl G315D 
appears to be the mechanism attributable to their inability to 
support growth of yeast at elevated temperatures (21, 24). 
Inability of Ydjl C159T to interact productively with nascent 
polypeptides would explain why mitochondrial precursor pro- 
teins accumulate in import-incompetent conformations in 
strains that harbor this allele of Ydjl (21). Reduced complex 
formation between Ydjl G315D and hormone receptors has 
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been observed (24). Our data suggest that a defect in the 
polypeptide binding activity of Ydjl is the cause of this result, 
and it leads to diminished signal transduction to the nucleus in 
strains that harbor Ydjl G315D (24). 

The J-domain of Ydjl appears sufficient for regulation of 
Hsp70 ATPase activity, but the sequence within it that is 
recognized by Hsp70 is not defined. Based on the NMR struc- 
ture, it has been suggested that helix II-HPD is the minimal 
unit of the J-domain that is recognized by Hsp70 (35-37). 
Consistent with this proposal, synthetic peptides that corre- 
spond to helix II and the HPD tripeptide are recognized by 
Hsp70. However, this J-domain peptide is one-tenth as efficient 
as fragment Ydjl (1-90) at blocking interactions between Ydjl 
and Hsp70. Perhaps the helix II-HPD sequence is the minimal 
sequence recognized by Hsp70, but the presence of adjacent 
regions in the J-domain, such as helix III, is required to stabi- 
lize it in a high affinity conformation. This might explain why 
Ydjl (1-90) is 10-25-fold more effective than the helix II-HPD 
and helix III-HPD peptides as an inhibitor of interactions be- 
tween Ydjl and Hsp70. 

Data from domain swap experiments carried out by the Sil- 
ver group support the interpretation that the helix II-HPD - 
helix III region plays an important role in J-domain function 
(8). When the J-domain from a cytosolic Hsp40 protein was 
substituted for this same region in an endoplasmic reticulum- 
localized family member cells became inviable. Through con- 
servatively mutating two amino acid residues in helix II and 
one residue in helix III in the J-domain of the cytosolic Hsp40 
protein, these investigators were able to convert this inactive 
J-domain to one that was capable of interacting with endoplas- 
mic reticulum Hsp70 and supporting cell growth. When made 
independently, the alterations in helix II and helix III were 
insufficient to generate a functional J-domain (8). Thus, infor- 
mation in helices II and III is required for the formation of a 
functional J-domain. 

How Hsp40 proteins interact with non-native polypeptides 
and function as molecular chaperones is not understood at the 
mechanistic level. To address this issue, we have examined 
which region of Ydjl is responsible for its polypeptide binding 
activity. We present data that strongly argue that the con- 
served carboxyl terminus of Ydjl participates in the binding of 
unfolded polypeptides. This conclusion is based on two obser- 
vations: 1) a 22-kDa internal fragment of Ydjl, Ydjl (179-384), 
can suppress rhodanese aggregation with similar efficiency as 
the full-length protein. This fragment lacks the J-domain, the 
G/F region, and the first zinc binding cleft but contains the 
conserved carboxyl terminus of DnaJ. 2) Ydjl G315D contains 
a mutation in the conserved carboxyl terminus and exhibits 
severe defects in polypeptide binding as evidenced by its inabil- 
ity to suppress rhodanese aggregation and to form complexes 
with denatured luciferase. 

The portion of Ydjl that is referred to as the conserved 
carboxyl terminus corresponds to amino acid residues 206- 
380. This region contains a series of seven highly conserved 
glycine residues that are present in Hsp40 family members 
demonstrated to function as polypeptide-binding proteins (1-5, 
22). Substitution of Gly-315 with Asp in this region could 
diminish polypeptide binding activity by altering the conforma- 
tion of the polypeptide binding fold of Ydjl. Such alterations in 
Ydjl structure are predicted to result from restrictions in al- 
lowed backbone conformations caused by the G315D amino 
acid substitution. Glycine can adopt a <t>/\p angle about the 
a-carbon, and residues (such as aspartate) that contain a j3-car- 
bon cannot form this angle. Alternatively, chaperone function 
of Ydjl G315D may be compromised because it has a charged 
hydrophilic side chain projecting into a region of the protein 



that is predicted to interact with hydrophobic portions of un- 
folded proteins. 

The zinc finger-like region also appears to participate in 
interactions between Ydjl and unfolded polypeptides, but the 
action of this domain does not appear essential for the binding 
of the model substrate proteins we examined in this study. 
Proteolytic removal of the first zinc binding domain from Ydjl 
did not significantly diminish the ability of Ydjl (179-384) to 
suppress rhodanese aggregation. The Ydjl C159T mutant was 
able to bind proteins in a manner that was similar to the wild 
type protein. However, Ydjl C159T exhibited severe defects in 
its ability to cooperate with Hsp70 and refold the denatured 
luciferase. These data suggest that the first zinc binding cleft 
and possibly the whole zinc finger-like domain of Ydjl are 
dispensable for binding unfolded proteins. However, the zinc- 
finger region appears to play a critical role in the folding 
polypeptides once they are bound to Ydjl. 

Consistent with our studies on Ydjl, the zinc finger-like 
region of DnaJ has been shown to participate in interactions 
with unfolded proteins (44, 45). However, the relative impor- 
tance of the zinc finger-like region in polypeptide binding re- 
actions carried out by different Hsp40 family members appears 
to require further clarification. Szabo et al. (45) reported that 
site-directed mutagenesis of conserved cysteines in the zinc 
finger-like domain of DnaJ caused severe defects in its ability 
to suppress rhodanese aggregation. This result suggested that 
the zinc finger-like domain is critical for polypeptide binding by 
DnaJ. Zylicz and colleagues (44) recently reported that deletion 
of the zinc finger-like region of DnaJ reduced the binding of 
some but not all substrates. Therefore, these investigators con- 
cluded that the zinc finger-like region helped determine the 
substrate specificity of DnaJ. Thus, although it is clear that the 
zinc finger-like region helps Hsp40 proteins interact with un- 
folded polypeptides, its exact role in the binding and folding of 
proteins requires further study. 

How do the conserved carboxyl terminus and the zinc finger- 
like region cooperate to facilitate protein folding by Ydjl? In 
order for Hsp70 and Ydjl to fold proteins, they must bind and 
release them in an efficient manner. The zinc finger-like region 
may act at either or both of these steps in the Hsp70 reaction 
cycle. At early stages of protein folding, the conserved carboxyl 
terminus of Ydjl might be competent for binding unfolded 
polypeptides that are in unordered conformations. However, 
the conserved carboxyl terminus may require the assistance of 
the zinc finger-like region to bind late stage folding intermedi- 
ates that have adopted secondary or tertiary structure. Inabil- 
ity of Ydjl C159T to interact productively with molten globule 
intermediates of protein folding pathways could be why it is 
unable to efficiently refold denatured polypeptides. 

Zylicz and colleagues (44) have suggested the zinc finger-like 
domain of DnaJ functions to alter the conformation of Hsp70 in 
a manner that alters its affinity for unfolded proteins. The zinc 
finger-like region of Ydjl may have a similar function, and this 
may be abrogated in Ydjl C159T, which causes a decrease in its 
efficiency in protein folding reactions. Ongoing studies are fo- 
cused on investigating how the zinc finger-like region of Ydjl 
functions to increase the efficiency of Hsp70 action in the cell. 
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Molecular chaperones in cellular protein 
folding 

F. Ulrich Hartl 



The folding of many newly synthesized proteins in the cell depends on a set of conserved 
proteins known as molecular chaperones. These prevent the formation of misfoided protein 
structures, both under normal conditions and when cells are exposed to stresses such as high 
temperature. Significant progress has been made in the understanding of the ATP-dependent 
mechanisms used by the Hsp70 and chaperonin families of molecular chaperones, which can 
cooperate to assist in folding new polypeptide chains. 



PROTEIN folding is the process by which the linear information 
contained in the amino-acid sequence of a polypeptide gives rise 
to the well-defined three-dimensional conformation of the func- 
tional protein. How this is accomplished constitutes a central 
problem in biology. Because unfolded proteins can reach their 
native state spontaneously in vittv\ it was assumed that the folding 
(acquisition of tertiary structure) and assembly (formation of 
protein oligomers) of newly synthesized polypeptides in vivo 
also occur essentially uncatarysed and without the input of meta- 
bolic energy. This long-held view has been revised in recent years 
owing to the discovery that in the cell the correct folding of many 
proteins depends oh the function of a pre-existing protein machin- 
ery — the molecular chaperones 2-3 . Here I summarize our present 
understanding of the structure and function of these components. 
The main focus will be on the ATP-dependent mechanisms used 
by the heat-shock protein 70 (Hsp70) and the chaperonin families 
(Table 1), which fulfil distinct roles in protein folding: the Hsp70s 
and their partner proteins can stabilize translating and newly 
synthesized polypeptides until all segments of the chain necessary 
for folding are available; the chaperonins are large cylindrical 
complexes that promote protein folding in the sequestered 
environment of their central cavity. 

Molecular chaperones were originally defined as a group of 
unrelated classes of proteins that mediate the correct assembly of 
other proteins, but are not themselves components of the final 
functional structures 2 . They occur ubiquitously and many of them 
are classified as stress proteins, although they have essential 
functions under normal growth conditions. More recently, 
chaperones have been defined as proteins that bind to and 
stabilize an otherwise unstable conformer of another protein- 
and by controlled binding and release, facilitate its correct fate in 
vivo, be it folding, oligomeric assembly, transport to a particular 
subcellular compartment, or disposal by degradation 5 . Molecular 
chaperones do not contain steric information specifying correct 
folding: instead, they prevent incorrect interactions within and 
between non-native polypeptides, thus typically increasing the 
yield but not the rate of folding reactions. Tliis distinguishes them 
from the so-called folding catalysts, protein disulphide isomerases 
and peptidyl-prolyl isomerases. These enzymes accelerate intrin- 
sically slow steps in the folding of some proteins, namely the 
rearrangement of disulphide bonds in secretory proteins and the 
cis- trans isomerization of peptide bonds preceding proline resi- 
dues, respectively (reviewed in refs 6,7). 

Origins of the chaperone concept 

Although the term 'molecular chaperone' was coined to describe 
the specialized function of the nuclear protein nucleoplasms in 
promoting chromatin assembly 8 , our understanding of the general 
role of chaperones in protein folding emerged mainly from 



research on the Hsp70s and the chaperonins. Based on their 
striking heat inducibQity, it was proposed that the Hsp70s aid 
the repair or degradation of polypeptides that denature under 
stress 910 . 'Guilt by association' indicated that Hsp70 has an equally 
important role under non-stress conditions in stabilizing the 
folding and assembly intermediates of newly synthesized polypep- 
tides: the Hsp70 homologue in the lumen of the endoplasmic 
reticulum (ER), BiP, was found in a complex with unassembled 
immunoglobulin heavy chains 11 and other secretory proteins 
(reviewed in ref. 4). Similarly, cytosolic Hsp70 in yeast associates 
transiently with newly synthesized precursor polypeptides, stabi- 
lizing them for uptake into the mitochondrion and the ER U_I *. 
Mammalian Hsp70 was shown to interact with a large fraction of 
nascent polypeptide chains in the cytosol", on the basis of its 
ability to bind hydrophobic peptide segments in an ATP-depen- 
dent manner 16 . 

The functional analysis of the chaperonins provided the most 
compelling evidence that protein folding in vivo requires mole- 
cular chaperones. Escherichia colt cells with mutations in the gene 
coding for the chaperonin, GroEL, were shown to be defective in 
assembling bacteriophage particles 17,18 . Curiously, it was the ana- 
lysis of the assembly of ribulose bisphosphate carboxylase 
oxygenase (Rubisco) in chloroplasts that clarified the significance 
of this finding. Before assembly, the Rubisco subunits form a 
complex with a large binding protein from which they dissociate in 
an ATP-dependent reaction 1 *' 20 . This binding protein was subse- 
quently identified as the chloroplast homologue of GroEL and of 
the mitochondrial chaperonin, Hsp60 (refs 21,22). Indeed, pur- 
ified GroEL allowed the reconstitution of correctly assembled 
bacterial Rubisco in vitro™, and the analysis of a yeast mutant 
defective in Hsp60 revealed that the biogenesis of many proteins 
imported into mitochondria required the chaperonin 2 *. Finally, 
the mitochondrial system provided evidence that the chaperonins 
mediate the folding of monomelic proteins, rather than actively 
promoting assembly 25 . 

A puzzling conclusion from these independent lines of research 
was that cells contain at least two different chaperone systems with 
apparently overlapping functions. A coherent view emerged from 
the demonstration that the Hsp70 and chaperonin families can 
cooperate functionally in vitro 26 . The Hsp70 homologue of £. coli, 
DnaK, and its partner chaperone DnaJ maintain an unfolded 
polypeptide in a soluble, folding-competent conformation, in 
which it can be transferred to GroEL for folding to the native - 
state. There is increasing evidence that similar chaperone path- 
ways operate in the cytosol and organelles of eukaryotic cells. 

Folding in vitro versus folding In vivo 

Significant progress has been made in recent years in under- 
standing the kinetics and pathways of spontaneous refolding in 
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TABLE 1 Components of the Hsp70 and chaperontn systems in bacteria and eukaryotic cells 



Bacteria 




Eukaryotic homologues 




Hsp70 system 


Compartment 


Yeast 


Higher eukaryotes 


Hsp70 








~70KATPases, bind extended 
peptides, interact with DnaJ 
homojogues and GrpE 

DnaK 


Cytosoi 

Mitochondria 
ER lumen 


SSA1-4; heat-inducible and 

constitutive forms 

SS81,2: bind to polysomes 

SSCi: required for protein import and 

folding 

Kar2/BiP: required for post- 
transJational protein import and folding 


Hsp72: stress-induciWe 
Hsc73: constitutive; binds to 
nascent chains 
mHsp70 

BfP: abundant, binds unfolded 
ER proteins 


Hsp40 








~40K proteins, bind unfolded 
proteins, interact with matching 
Hsp70s and stimulate ATP 
hydrolysis 

DnaJ 

GrpE 


Cytosoi 

Mitochondria 
ER 


YDJ1: interacts with Hsp70 SSA1; 
involved En protein transport across 
membranes 

SIS1: similarity to mammalian Hsp40 
MDJi: required for folding of newly 
imported proteins 
SCJ1 (lumen), Sec63 (membrane) 


Hsp40: binds nascent polypeptides 
Hdjl: human Ksp40 homologue 


~20K nucteotide-exchange 
factor for Hsp70 

GrpE 


Witnrhnnrlria 

iVIILUk/l \\Jl iui 10 


MGF1* interacts, with Hso70 SSCI 




Chaperonin system 








GroEL family (Cpn60) 




\ 




iwo nngs or 7 < *^our\ suountts; 
ATPase activity, bind protein- 
folding intermediates, promote 
folding together with HsplO 
(CpnlO) cofector 

Groa/GroES 


Mitochondria 
Chloroplasts 


HspoO/HsplO: required for folding or 
imported proteins 


MSpoWHSpiO 

Cpn60*: two homologous subunits 
(a and 0); cooperates with cpn20t 
in folding Rutoisco subunits 


TRiC* family 








Hetero-oligomeric r 2 rings of 8 
~55K subunits; ATPase activity, 
bind protein-folding 
intermediates, promote folding 
in eukaryotes and Archaea 


Cytosoi 


Defects in genes encoding TRiC 
subunits result in cell-cycle mutants 
with defects in actin and tubulin 
assembly 


TRiC particles purified, 8 related 
~55K subunits with homology to 
TCP1 



* Chtoroplast Cpn60 is also known as Rubisco-subunit-binding protein. 

t The subunits of Cpn60's cooperating factor Cpn20 consist of two fused CpnlO-homotogous domains. 
t TRIC is also known as CCT (chaperonin containing t-complex polypeptide). 



vitro for small proteins (reviewed in refe 27,28) (Fig. la). Briefly: 
(1) upon removal from denaturant, the polypeptide chain col- 
lapses into a compact shape within milliseconds, driven by the 
tendency to bury hydrophobic residues. This coincides with the 
formation of secondary structure. (2) Native tertiary structure 
forms as these secondary elements interact with each other to 
assume denned positions in space. During this process, which 
usually takes seconds to minutes, the polypeptide may pass 
through a series of kinetically denned intermediates. (3) The 
major rate-limiting transition state in folding lies close to the 
fully native state. In the case of multidomain proteins, individual 
domains fold first, followed by their association to folded mono- 
mers- Monomers may then associate to form oligomers. 

It seems highly unlikely that two fundamentally different 
mechanisms exist in vitro and in vivo to explain a reaction as 
complex as protein folding. Yet folding in vivo depends on a 
cellular machinery that prevents protein aggregation. To under- 
stand this requirement, we have to consider the conditions in 
which de now folding differs from in vitro refolding: (1) the cell 
cytosoi is a highly crowded macromolecular environment; and (2) 
folding in the cell must be accomplished^ the context of the 
vectorial synthesis of polypeptide chains on ribosomes. 
(1) Molecular crowding and protein aggregation. Unfolded poly- 
peptides, including compact intermediates that contain various 
amounts of native-like secondary structure but lack a stable 
hydrophobic core. (*molten globules'), expose hydrophobic 
amino-acid side chains and therefore tend to aggregate 5,27 
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(Fig. 1). More advanced intermediates on the folding pathway 
can also give rise to aggregation 29 . The extent of aggregation in 
vitro can often be controlled by lowering the protein concentration 
and temperature. In contrast, cellular conditions dictate that 
without the intervention of a specific machinery, aggregation 
would outcompete correct folding, at least for a significant frac- 
tion of newly synthesized polypeptides. The concentration of 
nascent (ribosome-bound) chains in the cytoplasm of E. coli is 
as high as ~35uM, assuming a uniform distribution 90 . Their 
effective concentration will be significantly greater, however, 
because of molecular crowding and because translating ribosomes 
are organized in polysomes. Molecular crowding refers to the fact 
that a considerable fraction of the cellular volume is occupied by 
protein and other macromolecules'at a total concentration of 
~340g per litre and is therefore not available to other macro- 
molecules 31 . Crowding is predicted to cause an increase in macro- 
molecular association constants over those in dilute solution by 
several orders of magnitude. 

(2) Folding and translation. Stable folding requires the presence 
of at least a complete protein domain (usually ~100-200 amino- 
acid residues in length). As the C-terminal ~30 amino acids of 
a translating polypeptide are topologically restricted by the 
ribosome, nascent chains remain unfolded until an entire 
domain has emerged (Fig. lb). Thus, actively growing cells must 
maintain a large population of aggregation-sensitive nascent 
chains in a folding-competent conformation. This is thought to be 
achieved by the co-translational binding of molecular chaperones, 
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including Hsp7G and DnaJ, to the nascent chain 15,3 * 45 , 
but a protective function of the ribosome itself may 
also be important 36 . In any case, a single-domain 
protein will have to fold post-translationally, after its 
release from the ribosome (Fig. lb). 

In principle, polypeptides consisting of two or more 
consecutive domains may fold cotranslationally and 
thus avoid incorrect interactions between domains 
during folding (Fig. ic). At present, however, only 
scant evidence for cotranslational folding is avail- 
able 3S - n38 , including the finding that secretory proteins 
can form disulphide bonds between cysteine residues 
distant in sequence as they are extruded into the ER 
lumen (for example, see ref. 39). Cotranslational fold- 
ing in the eukaryotic cytosol may require the protective 
function of the Hsp70 system until a protein domain is 
completed, and for certain proteins may then involve 
the cooperation of a chaperonin 33 (Fig. 5). The follow- 
ing sections will consider the detailed mechanisms of 
these two major chaperone systems. 

The Hsp70 chaperone system 

Hie Hsp70s are a family of highly conserved ATPases 
of relative molecular mass about 70,000 (M T 70K) 
found in prokaryotes and in most of the compartments 
of eukaryotic cells (Table 1). They have essential roles 
in protein metabolism under both stress- and non- 
stress conditions, including functions in de novo 
protein folding and membrane translocation, the 
degradation of misfolded proteins as well as regulatory 
processes. This versatility of the Hsp70s results from 
their basic function, which, is to bind and release 
hydrophobic segments of an unfolded polypeptide 
chain in an ATP-hydrolytic reaction cycle. Whereas 
binding results in the stabilization of the unfolded 
state, controlled release may allow progression along 
the folding pathway. 

Important insight came from the finding that this 
binding/release cycle is modulated by other proteins of 
the Hsp70 system, most notably the DnaJs or Hsp40s. 
The central feature of this protein class is a conserved 
J-domain (named for & coli DnaJ) that has been 
implicated in the interaction of Hsp40s with their 
respective Hsp70 partners. In DnaJ, this interacting 
domain is coupled to a polypeptide-binding domain, so that 
recruitment of the Hsp70, DnaK, provides the combined func- 
tions of two chaperones and ATP-dependent cycling. By joining 
the J-domain with a variety of protein moieties, cells use the 
Hsp70/Hsp40 system not only to protect a range of transiently 
aggregatiorrorone substrates, but also for specialized cellular 
functions 40 "- For example, the mammalian protein auxtlin 
binds to the clathrin coats of endocytotic vesicles, and via its 
C-terminal J-domain recruits the constiturivery expressed 
Hsp70 (Hsc70) for ATP-dependent clathrin ungating* 1 . 
Structure of Hsp70 and DnaJ. Three-dimensional structures of 
these proteins are only known in part. The Hsp70s are structurally 
subdivided into an N-tenninal ATPase domain of ~45K, which is 
followed by an ~18K portion containing the peptide-binding site, 
and a more variable ~1 OK segment (Fig. 2a). The ATPase domain 
has a fold identical to the globular G-actin monomer 43 and 
transmits ATP-dependent conformational changes to the C-term- 
inal peptide-binding domain 44 . The ATPase domain of E. coli 
DnaK interacts with GrpE (ret 45), DnaJCs 22K nucleotide- 
exchange factor 44 . DnaJ may also contact the ATPase domain. 
An analysis by multidimensional NNfR 46 indicated that the pep- 
tide-binding domain of Hsc70 (ref. 47) consists of two four-, 
stranded antiparallei ^-sheets and a single oc-helix. Thus it does 
not show the previously proposed structural similarity to the 
peptide-binding region of the human major Wstocompatibility 
complex (MHQ class I molecule. 




RG. 1 Possible steps in protein folding shown far a hypothetical protein 
upon dilution from denaturant in vitro (a) and for translating polypeptides in 
vfvo (b, c). Part a is adapted from ref. 153. Cylinders correspond to ot- 
helices and arrows to p-sheets. Note that the synthesis of an average 40K 
polypeptide takes about 15s In £ coil and 2-3 min in the eukaryotic 
cytosol. 



Proteins of the Hsp40 family typically contain one or more 
blocks of sequence homology to E. coli DnaJ, a 41K protein with a 
clear domain structure (Fig. 2a), The N-terminal 7Q-amino-acid J- 
domain is present in all Hsp40s, The NMR-based structure of this 
domain describes a scaffolding of four a-helices, at the tip of which 
lies the conserved tripeptide His-Pro-Asp in a solvent-accessible 
loop region 48,49 . Substitutions within this tripeptide abrogate the 
interaction with DnaK 50 . Subtle structural differences between the 
J -domains of different Hsp40s seem to be critical in mediating 
their interaction with specific Hsp70 partners 42 . The J-domain is 
followed by a glycine-phenylalanine-rich region, a cysteine-rich 
central domain not present in all Hsp40s, and a C-terminal stretch 
found in most homologues (Fig. 2a). The central region contains 
two zinc atoms, each coordinated to four cysteines as in the zinc- 
fingers of DNA-binding proteins 51 . In DnaJ, this region and part of 
the C-terminal domain apparently participate in binding unfolded 
polypeptide. 
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FIG. 2. Structure and function of the Hsp70 system, 
a, Consensus domain-structure of Hsp70 and DnaJ. 
N-terminal targeting signals for mitochondria and Eft 
and a C-terminal ER retention signal (KD EL) occur in 
the eukaryotjc forms localized m these organelles 
(Table 1). The C-termirtal EEVD motif In mammalian 
cytosollc forms Is involved in regulating Interactions 
with the ATPase domain and with Hsp40 (ref. 151). 
o, Peptide-Wnding specificity of the ER homologue of 
Hsp70, B1P, according to ref. 52. The four putative 
bincSng pockets of Hsp70 for alternating amino-acid 
residues are shown, c, Model of the Hsp70 reaction 
cycle in polypeptide binding and release for bacterial 
DnaK, DnaJ and GrpE. U, unfbWed polypeptide sub- 
strate; N, polypeptide substrate in Its native state. 
d, ATP-dependent refolding of rhodanese by purified 
DnaJ, DnaK, GrpE, GroEL and GroES. Denatured 
rhodanese was first bound to DnaJ and DnaK In the 
presence of ATP, followed by the addition of GroBJ 
GroES. Folding was initiated by the GrpE-catarysed 
transfer of rhodanese to GroEL (from ref. 26). 





Peptide binding. Iht various Hsp70s all have binding specificity 
for hydrophobic peptides, but their preference for certain amino- 
acid patterns may vary from compartment to compartment 16 * 32 - 54 . 
The ER homologue, BiP, binds with rjucromolar affinity to 7-8- 
residue peptides 1 * 52 cc*resrx>hdmg to segments of a porypeptide 
chain that would be exposed in the unfolded state but are buried 
within the rrydro^obic core of the folded protein. This explains 
the ability of Hsp70 to interact with a wide range of unfolded 
porypeptides while ignoring the native states of these proteins. 
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More than one Hsp70 may interact with an unfolded polypeptide. 
The peptides are bound in an extended conformation 26 ^ 5 * and a 
preferred pattern of certain aliphatic and aromatic residues at 
alternating positions in BiP-bound peptides has been described 53 
(Fig. 2b). 

The binding specificities of Hsp40 and Hsp70 differ consider- 
ably: only Hsp70 interacts efficiently with a-lactalbumin which is 
in an extended conformation 26 . On the other hand, K coli DnaJ 
but not DnaK is efficient in preventing the aggregation of proteins 
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RG. 3 Role of mitochondrial Hsp70 (mHsp70) and the GrpE 
tomologue Mgel in protein translocation, a, ATP bound 
mHsp70 accepts a polypeptide segment from 71m44 (pre- 
viously known as Mim44). b, mHsp70 binds polypeptide tightly 
as ATP is hydrolysed and translocation proceeds, the ADP form 
of mHsp70 is recycled by Mgel. R r receptor for precursor 
protein; OM, outer, and IM, inner mttocrirpndrlal membrane; 
MPP, mitochondrial processing peptidase (adapted from 
ref. 73). 



upon dilution from denaturanr 2W7 ' s \ DnaJ can interact efficiently 
with the N-terminal segments of nascent polypeptides 33 - 34 and 
combining the binding properties of DnaJ with those of DnaK 
appears to be essential for the function of this chaperone system in 
protein folding.. 

The Hsp70 reaction cycle in protein folding. The ATP^dependent 
cycle of peptide binding and release is best understood for the 
bacterial Hsp70 homologue DnaK and its cofactors DnaJ and 
GrpE The ATP-bound form of DnaK binds and releases peptide 
rapidly. In contrast, the ADP-bound form has both slow on- and 
off-rates for peptide 55 ' 59 . DnaJ and GrpE, and peptide binding 
itself, accelerate the interconversion between these two states 5 ** 
An ATP hydrolytic reaction cycle has been proposed that parallels 
the regulation of certain GTP-binding proteins (Fig. 2c). (1) The 
chaperone DnaJ interacts first with an unfolded polypeptide, such 
as a translating chain, and then targets it to DnaK. (2) DnaK binds 
to the polypeptide in its ATP-bound state. The interaction with 
DnaJ then stimulates the hydrolysis of ATP by DnaK and stabi- 
lizes its ADP-bound state. This results in the formation of a stable 
ternary complex of unfolded substrate polypeptide, DnaJ and 
DnaK. (3) The nucleotide-exchange factor GrpE promotes the 
release of ADP from DnaK, which is rate-limiting in the cycle. 
ADP dissociation may destabilize the ternary complex and may 
cause the release of DnaJ. (4) Substrate dissociates from DnaK 
upon subsequent ATP binding (not hydrolysis) to DnaK 59,61 . It 
then has the option of either folding, rebinding to DnaJ and 
DnaK, or being transferred to another chaperone system, such as 
the chaperonin GroEL, for final folding 26 * 55 (Fig. 2c). 

In each release event from DnaJ/DnaK, a fraction of the bound 
polypeptide may fold, as shown for firefly hiciferase in vitro 5 *. The 
remainder, kinetically trapped as an unproductive intermediate, 
will rebincL The fraction of protein that folds upon release from 
DnaJ/DnaK is very small for mitochondrial rhodanese. Efficient 
folding of this protein depends on its GrpE-catalysed transfer 
from DnaJ/DnaK to GroEL 26 (Fig. 2d). Significantly, DnaJ/DnaK 
releases its substrate protein in an unfolded conformation 58 ^, in 
contrast to the chaperonins (see below). 

Although the prokarydtic and eukaryotic Hsp70 systems have 
similar functional properties, a GrpE-like nucleotide-exchange 
factor has not been found in the eukaryotic cytosoL It may be 
dispensable because the rate-limiting step in the ATPase cycle of 
eukaryotic Hsp70 is not the dissociation of ADP but rather the 
hydrolysis of ATP itself 63 * 6 *. In this system ADP dissociation is 
even subject to negative regulation: the 4 IK protein Hip (also 
known as p48) binds specifically to the ATPase domain of 
mammalian Hsp70, slowing the Association of ADP 64 * 65 , and 
may thus stabilize the interaction between Hsp70 and substrate 
proteins. 

Function under stress conditions. Surprisingly little is known 
about the protective function of Hsp70s under stress conditions, 
' such as the exposure of cells to high temperature. Although a 
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capacity to solubiiize the aggregates of certain heat-denatured 
proteins has been demonstrated for DnaK in vitro 66 , a mechanism 
in which the chaperone binds to the substrate polypeptide during 
the stress-induced unfolding, thereby preventing aggregation, may 
predominate in vivo. For example, firefly hiciferase expressed in E. 
coli is deactivated when the cells are shifted to 42 °C. Enzyme 
activity is subsequently regained at 30 °C, but only when functional 
DnaK, DnaJ and GrpE proteins were present during the inactjva- 
tion period 37 . In eukaryotic cells, Hsp70 may cooperate with DnaJ 
homologues and the abundant stress-protein Hsp90 in preventing 
heat-induced protein denaturation 67 . The function of these com- 
ponents is probably complemented by a class of ATP-independent 
small heat-shock proteins of ~25K, which may act as a first line of 
defence against aggregation 68 . Notably, a capacity to solubiiize 
pre-existent protein aggregates in vivo has been demonstrated for 
Hspl04 in yeast, a member of the HsplOO (dp) family of stress 
proteins which help organisms to survive extreme conditions 69 . 
There is increasing evidence that the function of chaperones in 
preventing or reversing protein aggregation is linked with their 
role in presenting misfolded polypeptides to the cellular machin- 
ery for proteolytic degradation (reviewed in ref. 70). 
Protein translocation across membranes. The Hsp70s in mito- 
chondria and the ER are not only required for the folding of newfy 
translocated proteins, but also for the translocation process itself. 
The polypeptide chain traverses the mitochondrial membranes 
through a proteinaceous channel in an extended conformation 
(Fig. 3). Mitochondrial Hsp70 binds to suitable segments of the 
translocating chain as it emerges from the inner membrane 71 , thus 
preventing it from sliding backwards 72 (Fig. 3a). Multiple events of 
Hsp70 binding and ATP-dependent release would then promote 
translocation" in a molecular ratchet-like mechanism 74 . Translo- 
cation requires the interaction between Hsp70 and Tim44, an 
inner mitochondrial membrane protein of the translocation 
machinery 73 - 75,76 which may have a limited homology to DnaJ 75 . 
Tim44 is thought to present segments of the incoming polypeptide 
to the ATP-bound form of Hsp70 (Fig. 3a). Recycling of Hsp70 
requires the nucleotide-exchange factor Mgel (ref. 77), the 
mitochondrial GrpE homologue (Fig. 36). The post-translational 
uptake of proteins into the yeast ER seems to rely on a similar 
mechanism that involves the interaction of the Hsp70 in the ER 
lumen with the J-domain of Sec63, a membrane component of the 
translocation machinery 40 . 

In addition to its function in protein translocation, Hsp70 fulfills 
a regulatory role in diverse cellular processes because of its 
capacity to induce the disassembly of specific protein complexes. * 
Examples include the initiation of DNA synthesis from various 
phage and plasmid origins of replication in E coli and the 
uncoating of dathrin-coated endocytotic vesicles in mammalian 
cells (reviewed in refis 4, 66). In these cases, Hsp70 apparently 
interacts with proteins that expose chaperone recognition moths 
in their folded states. 
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The chaperonln system 

The chaperoning 1 have an essential function in promoting the 
ATP-dependent folding of proteins, both under normal growth 
conditions and under stress. There are twochaperonin subgroups: 

^!^^ 0 £ th n. a ^^r (or Hs P 6 °) andthechaperoiunsof 
the TRiC family (Table 1). (i) The GroEL-type chaperonins in 
eubactena, mitochondria and chloroplasts are made of two 
stacked seven-membered rings of ~60K. They cooperate with a 
smaller protem cofactor, GroES in E coli, which is a single 
heptamenc ring of ~10K subimits. These proteins are stress- 
mduaUe, except for the chloroplast homologue. E. coli GroEL 
has an additional role m the regulation of messenger RNA turn- 

r 6 -* a lmk between chaperonins and an 

ancient RNA world 78 (2) The TRiC (TCP-1 ring complex) 
chaperonms in arehaebacteria and the eukaryotic cytosol are 8- 

do ^ le ^ wntaining a family of ~55Ksubunits 
with homology to the TCP-l tail complex protein from mouse. 
They are apparent* independent of a GroES-like cofactor. Only 
Ae archaebactenal members of this family are stress-mducibte 
Me^usnc stud.es ; have concentrated^GroEL and GroES of 

^ fUnction 38 a Protein-folding cage. Func 
SKlff JJJP^ are SparSe ' but «>nsemtion of the 
eSS-TS?™ "•P** tha£ * t0 °. P~vide S a folding 
compartment However, j n contrast to the GroEL chaperonins 

s^ssst* chaperonin * h - ^-a 

GroEL and GroES structure. GroEL has been widely studied by 
a£Z a i n^T^' ,nd ^ nt, ^ X -Wcry S taUogra P hy*-K 
2fth« a . cyI , nidncal «WPI« of ~150A hefeht and -140A 
width that encloses a central cavity ~50 A wide the site nf 

ST?*?,. , ap ? C ? 1 '. M intermediate and an equatorial 
ISTtSZ cqua t t0I ? a i Uo,nam contains tne ATP-bindhig site" 
and provides most of the intersubunit interactions (Fig.Vc). 
The small mtennediate domain has potential hinge regtans It the 
domain junctions that allow for the movement of the two ma or 
tSS^SSl *** apicaJ domains^rmle 

2221 fSF ^i^ome-shaped structure of the GroES 
heptamer (Fig. 4*). Each GroES subunit contains a functionally 

tS£ZKT*A** Protrades 60111 base of the dome and 

^^f, d "P?" dockta 8 of GroES onto GroEL". 
H «de bmdlng. In the absence of GroES, GroEL can 
typiraDy bmd up to two rao iecules of polypeptide, one in to 

Ej^S* ££ ^ at «* the apS 

, • complex formation probably requires 

Bound^^fe-Trf*^* makes contact with several GroEL nitainitsL 
S tM Jf h maroU »P^^moltenglor^e-like conformation 
^S,^* ^oiidary structure***. GroEL recognizes 
S£^ a r ga ^ U l a "*» rfequfflbrium mtermediatefX- 

S^ fe J** 1 a P rotein *«* ^ of ^ folding 
5vS2? mtera f °«with the substrate seems to be primar 
^Sfii " Indeed > m the crystal structure to 

add^S° f ^w e ^ a ^ terof ^Wobicamino. 
Sl^S^T^^ mutation of which abolishes 
pplypep&de binding* (Fig. 4c). The apical domains can undergo 
an^itoc movement rela tiv e to the mtennediate dom3° 

SS£ntS/ 0 'v GroEL to aoommodate its target* 
of afferent sutafrates that range form ~15K to 60K inW»» 

m ^ ^aency of chaperonin-assisted polypeptide 
ni^il^Tr 0 * 0f ^gation by binding uSd or 
r^a^foldedpotypeptides; (2) release oi r U nfoWed polypeptides 
mto an enclosed folding compartment; and(3) rebuS and 
SS trT , | Cmen I of Polypeptides tot fail Kd 
£S? ri^-'T*!* * ^lded protein is. independent of 
SK^iS^ ° f GTOEL m P^dmg a folding compartmen 
crmcaflr depends onconfbrmational changes t&eXcedby 



GroES. The exit of folded protein into free solution and the 
rebinding of incompletely folded substrate require the timed 
cycling of GroES between GroEL-bound and free states, which 
is controlled by the ATP-hydroIytic activity of GroEL. These 
aspects will be considered first, followed by a discussion of the 
distinct steps of the folding cycle. 

As revealed by electron microscopy, the asymmetrical binding 
of GroES to one end-surface of GroEL induces dramatic con- 
formational changes in the interacting GroEL ring 7 '- 82 . The apical 
domains in this ring move upwards and outwards relative to 
the intermediate hinge domains, generating a large enclosed, 
chamber of ~65A by 80 A (ref. 82) (Fig. 4d). Because the 
hydrophobic binding regions of GroEL for polypeptide overlap 
with those for GoES* GroES binding leads to the displacement 
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of the bound protein from its attachment sites on GroEL, forcing 
it into a more hydrophflic cage which is permissive for fold- 
fogioo-to xjje association of GroES is sufficient to prevent the 
protein from d i f f u sin g out of the cage, because there is no free 
passage tor polypeptide between GroEL rings 81 * 83 - 

Hie binding and unbinding of GroES relies on an interesting 
network of allosteric. interactions, characterized by a positive 
cooperativity of nucleotide binding and hydrolysis at the level of 
the individual GroEL rings and a negative cooperativity for ligand 
binding between rings* 00404 " 110 . Initially one ring of GroEL will 
bind ATP and GroES, thereby directing the formation of asym- 
metrical GroELGroES particles^ (Fig. 4d). ATP hydrolysis in 
the GroEL subunits that interact with GroES then gives rise to a 
tight GroEL-7ADP-GroES complex 100 . ATP hydrolysis in the 
opposite ring causes dissociation of the ADP and GroES 100 * 107 , 
hence the requirement for two rings in the functional cycle. 

Sufficient information is now available to describe a basic 
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RG. 4 Structure and function of trie chaperonin system. a, b, Space-filling 
representations showing a top and side view, respectively, of the crystal 
structure of GroEL 83 . Two adjacent subunits are coloured with the apical 
domains in red .and purple, the intermediate domains in orange and yellow, 
and the equatorial domains in blue and green, respectively. Free passage 
between GroEL rings is obstructed by N- and C-terminal residues not 
resolved in the crystal structure. Side view of the crystal structure of 
GroES 87 (shown in 6). Two adjacent domains and the single mobile loop 
that Is structured in the crystal owing to crystal packing are coloured. The 
loop regions normally protrude from the base of GroES downwards, 
c, Ribbon diagram of a GroEL subunit showing in red the location of 
hydrophobic residues (Tyrl99, Ser201, Tyr203 ( Phe204, Leu234, 
237, 259, Va!263, 264) involved in polypeptide binding oh the cavity- 
feeing surface of the apical domain 85,88 . Apical, Intermediate and equatorial 
domains in purple, yellow and £Ben f respectively, rf, The asymmetrical 
GroEL-GroES complex as revealed by oyoelectronmicroscopy (from 
ref, 154). Note the upward and outward movement of the apical GroEL 
domains Interacting with GroES. e, Model of the GroEL-GroES reaction 
cycle in folding (from rets 101,102). Nucteotfde-free GroEL in step (3) is 
thought to occur onry transientiy and is shown for simplicity. In step (4), 
GroES may either associate with the poryplptide^mainlng ring of GroEL or 
with the tree ring (not shown). Ugit and dark pink spheres represent 
unfolded and folded substrate protein, respectively, and the hatched 
sphere indicates the presence of a mixture of folded and unfolded substrate 
in the population of GroEL molecules. Unfolded protein can be retained in 
steps (6) to (3). 



reaction scheme for GroEL-GroES function, although some 
details of this model may change in the future (Fig. 4c). (1) The 
acceptor state for unfolded polypeptide is the asymmetrical 
GroEL-GroES complex which binds substrate in the GroEL 
ring that is not occupied by GroES 82400411 . (2-3) ATP binding 
and hydrolysis in this ring (as well as polypeptide binding itself ) 
cause the dissociation of ADP and GroES from the opposite 
ring 100408 . (4) GroES will then rebind, together with ATP, to either 
GroEL ring, enclosing ~50 per cent of the bound polypeptide in 
the cavity 100402 ' 112 . The enclosed polypeptide initiates folding, 
whereas binding of substrate and GroES to opposite GroEL 
rings may result in the release of non-native polypeptide (not 
shown in the model; see below). (4-5) ATP hydrolysis in the 
GroES-bound ring tightens the interaction with GroES. (6) ATP 
binding and hydrolysis in the opposite ring then triggers the 
opening of the GroEL-GroES cage 102 . At this point, the folded 
polypeptide leaves, whereas incompletely folded polypeptide 
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rebinds 100 . The energy of rebinding may be used for (partial) 
unfolding 5 ^ 3,102 in preparation for another folding trial. Thus, 
folding occurs in an iterative series of reactions with first-order 
kinetics 102 , corresponding to multiple ATPase cycles 90 . The frac- 
tion of enclosed protein that folds in a single cycle varies, 
dependent on the folding propensity of the specific protein and 
the time available between GroES binding and release , approxi- 
mately 20 seconds at 25 °C (refe 107,108). 

The release of GroES in steps (2) and (6) of the cycle can occur 
independently of the binding of a second GroES 108, 4 u (Fig. 4e). 
However, the transient formation of a symmetrical chaperonin 
particle with GroES bound to both ends of GroEL may enhance 
the efficiency of this reaction. Such complexes can be populated in 
vitro under a specific set of conditions 1114 ** 1 ". Their functional 
significance remains to be established. 

Folding in the GroEL cage. Folding in the GroEL cavity would be 
comparable, to a first approximation, to the folding of a single 
protein molecule in a test tube 3 * 116 -" 8 . The basic features of this so- 
called Anfinsen-cage model" 9,130 have been experimentally estab- 
lished 100,102 * 103 . However, placing the folding protein into the 
confined space of the GroEL cage may have additional physical 
consequences. Changing the wall of the cylinder from hydropho- 
bic to hydrophilic may drive the burial of hydrophobic residues by 
the enclosed polypeptide more effectively than in free solution. 
The rearrangement of not-yet folded protein is a further signifi- 
cant improvement over spontaneous foldings vitro 5m,1Q2 t It would 
be equivalent to a proofreading mechanism and may result in 
catalysis of folding by returning incorrectly folded or kinetically 
trapped intermediates to a faster-folding track 121 (S. Radford, 
unpublished). 

Strong evidence is now existing in favour of the cage model. 
Early experiments with purified chaperonin led to the proposal 
that GroES allows a protein to fold in association with GroEL to a 
state that is no longer aggregation-prone and is committed to 
complete folding successfully* 5 . Indeed, several monomeric pro- 
teins reach their native, enzymatically active conformation in the 
GroEL cavity 10241 " 422 . Assembly in the case of oligomeric proteins, 
however, occurs in free solution after the subunits have folded in 
the chaperonin cage. An alternative view held that GroEL func- 
tions by unfolding misfolded polypeptides and ejecting them in a 
non-native form. Folding would then occur in the bulk solu- 
tion 107412423 . This was based on the observation that in the pre- 
sence of ATP and GroES a significant fraction of bound protein 
can be rapidly released from GroEL in an unfolded state 1 " 7412423 . 
However, it has become clear that this reaction is not productive 
for folding 102 - 103 and rather represents a premature loss of protein 
that may occur when GroES and substrate protein are bound to 
opposite GroEL rings (see above) or when GroES unbinds. 
Although the magnitude of this effect in the intact £. colt cell is 
unknown, the possibility of releasing non-native protein from 
GroEL is probably relevant for providing an exit route for 
aberrant polypeptides that must be degraded 102 or in allowing 
the transient interaction with polypeptides that are too large to be 
enclosed by GroES. 

Chaperonin specificity: GroEL versus TRiC A functional com- 
parison of GroEL with TRiC, the chaperonin of the eukaryotic 
cytosol (also known as CCT 124 ), has shown that the chaperonin 
mechanism is more specific than previously assumed. TRiC is 
required in vivo for the folding of a subset of polypeptides, 
including actin and tubulin 125 - 126 , and folds firefly luciferase in 
vitro 3 ^ 21 . Interestingly, both unfolded actin and luciferase form a 
complex with GroEL» but will not fold in the presence of ATP and 
GroES 127,128 . Only TRiC has the capacity of generating a set of 
folding intermediates that allow these proteins to proceed to the 
native state. TRiC differs from GroEL in that it contains up to 
eigjit distinct subunits 124 ; Although ttie general architecture and 
the overall domain structure of the subunits is conserved between 
both chaperonins 125427429 - 132 , little sequence conservation is 
detected between the apical porypeptide-binding domains 131432 . 
This is also the region where the individual TRiC subunits deviate 



most from one another. Thus, TRiC may have coevorved to 
stabilize the productive folding intermediates of certain eukaryo- 
tic proteins. As folding apparently occurs in association with 
TRiC 128,133 , the absence of a GroES raises the question of how 
the substrate is prevented from leaving the chaperonin cavity 
prematurely. Perhaps release from TRiC involves a stepwise 
dissociation of the polypeptide by domains or subdomains. 

Cellular protein folding pathways 

An important question concerns the extent to which molecular 
chaperones are actually involved in de novo protein folding and 
how different chaperones cooperate in vivo. A small number of 
recent studies, carried out in whole cells or in translation extracts, 
provide some information about the folding pathways of specific 
newly synthesized polypeptides and about the mechanisms that 
ensure their orderly interaction with defined sets of chaperones. A 
brief description of protein folding in the cytosol and in mitochon- 
dria may serve to illustrate this. A discussion of protein folding in 
the ER is beyond the scope of this article (reviewed in refe 4, 134). 
Bacterial cytosol and mitochondrial matrix: homologous folding 
compartments. Both DnaK/DnaJ/GrpE and GroEL/GroES must 
be expressed in the K coli cytosol to prevent the aggregation of a 
large fraction of newiy synthesized polypeptides, even under non- 
stress conditions 1 " These components constitute a mmitna t set of 
chaperones which are typically conserved, even in small bacterial 
genomes 136 . Both systems interact with similar subsets of proteins, 
consistent with their proposed functional cooperation 26 . DnaJ and 
DnaK, but not GroEL, have been found in association with ,, 
nascent chains and ribosomes in vivo and in vrtro 33,34437438 . Efficient \ 
folding of rhodanese upon cell-free translation can be dependent 
on all five chaperone components, whereby DnaJ and DnaK must 
bind the polypeptide before its release from the ribosome to allow 
efficient transfer to GroEL 139 (J. Hendrick and F.U JL t unpub- 
lished) (Fig. 5). The interaction with DnaJ/DnaK may be pre- 
ceded by the binding of trigger factor (TF) to the nascent 
chain 140441 , a 48K protein with ribosome affinity that was initially 
described as a putative chaperone for secretory proteins 142 . TF has 
prolyl isomerase activity in vitro and may act as both chaperone 
and folding catalyst in vivo 143 . An interaction between TF and 
GroEL has also been reported 144 . 

It is still unclear what fraction of cytosolic polypeptides have to 
interact with chaperones during translation, and the protective 
function of the ribosome itself needs to be fully investigated. The 
concentration of potential nascent chain-binding proteins is at 
least equivalent to that of ribosomes, but the basal level of GroEL 
is much lower (~4 uM, compared to ~35 uM ribosomes) 30 . Thus, 
the post-translational interaction with GroEL may be restricted to 
those proteins, which are highly aggregation-sensitive. Consistent 
with this, under normal growth conditions, the folding of ~30% of 
all cytosolic protein species was affected in a. GroEL mutant 
strain 99 . Understanding the common structural properties of the 
in vivo substrates of GroEL and the mechanisms by which they are 
delivered to the chaperonin will be of considerable interest Other 
questions concern the directionality of polypeptide transfer 
between different chaperones during folding and assembly. For 
example, the subunits of oligomeric proteins may engage in a 
renewed interaction with DnaK/DnaJ after their folding on 
GroEL A retrograde transfer from the chaperonin to the 
Hsp70 system may also be involved in the targeting of polypep- 
tides for degradation 70 (Fig. 5). Finally, how do large cytosolic 
proteins fold, such as &-galactosidase, which do not fit into the 
central cavity of GroEL? 

Some of these questions have been addressed for the folding of 
proteins in the mitochondrial matrix, the evolutionary equivalent 
of the bacterial cytosol. Upon import into the organelles, all 
proteins interact first with mitochondrial Hsp70 (Fig. 3), a reac- 
tion that may be analogous to the binding of cytosolic Hsp70 to 
nascent chains 32 . In a process dependent on mitochondrial DnaJ 
and GrpE 77445 , aggregation-sensitive proteins must subsequently 
be transferred-to the chaperonin Hsp60 for folding to the native 
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FIG. 5 Possible chaperone pathways for the folding of cytosoiic proteins in 
bacteria (left) and in mammalian cells (right). Although alternative routes 
for folding are likely to exist, these pathways are thought to be involved in 
the folding of a subset of aggregation-sensitive polypeptides (see text). The 
possibility of folding without participation of chaperones in a scheme as 
shown in Fig. lb and c is not excluded. Left, DnaJ and OnaK may also 
interact at a late stage of translation or post-transiationaliy (only co- 
translational interaction is shown). Aberrant proteins that are unable to fold 
may be presented to the proteolytic degradation machinery either from 
DnaK/DnaJ or from GroEL (shown as release from the GroEL ring opposite 
GroES).. Folded monomeric proteins or the folded subunits of oligomeric 
protein complexes are released from underneath GroES. TF, trigger factor. 
Right, proposed pathway for the folding of actln and firefly luciterase, based 
on studies In ceil-free extracts 35133 . The action of Hsp70/Hsp4O and TRiC 
may be functionally coupled. A polypeptide consisting of more than one 
domain may initiate folding cotranslationally. 



state 5 . The directionality of this pathway, established in reconsti- 
tution experiments with mitochondrial rhodanese in vitro 2 * (Fig, 
2d), has been confirmed for rhodanese in intact organelles 146 . In 
contrast, proteins that refold spontaneously in vitro with high 
efficiency, such as the normally cytosoiic protein dihydrofolatc 
reductase (DHFR) from mouse, can fold independently of Hsp60, 
at least in mitochondria of the yeast Saccharomyces cerevisiae at 
25 °C (refe 146, 147). Folding of these proteins may however 
become Hsp60-dependent at higher temperature 98 . Interestingly, 
in the mitochondria of another fungus, Neurospora crassa, DHFR 
interacts efficiently with Hsp60 during folding even at 25 °C (refe 
25, 148), and this interaction is prolonged in organelles defective 
in a prolyl isomerase that accelerates DHFR folding 148 . Thus, not 
only the intrinsic folding propensity of a given protein and the 
protein environment, but also the binding properties of the 
chaperones it encounters may determine the extent to which the 
chaperone machinery participates in folding in vivo. 
Folding in the eukaryotic cytosoL A number of components have 
been found to associate with nascent chains in the mammalian 
cytosol and are thought to be involved in their folding, including 
the nascent-chain-associated complex (NAC), the signal-recognition 
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particle (SRP), Hsp70/Hsc7O, the DnaJ homologue Hsp40, and 
the chaperonin TRiC Although most chains seem to interact 
cotranslationally with Hsp70/DnaJ 13 - 32 ^ t the chaperonin TRiC 
apparently mediates only the folding of a limited set of proteins, 
as suggested by its low abundance in many cell types 3 . Thus, how 
the majority of cytosoiic proteins in eukaryotes fold at the 
chaperonin step remains to be established. There is no evidence 
that other abundant chaperones, such as Hsp90, have a general 
role in de novo folding 68 , and it is possible that only a small fraction 
of eukaryotic proteins need a chaperonin. 

A cooperative chaperone pathway involving NAC, Hsc70/ 
Hsp40 and TRiC has been proposed for the folding of firefly 
lutiferase and actin based on experiments in a mammalian 
translation extract 35433 - 149 . This pathway may be important in vivo 
for substrates such as actin and tubulin, whose folding is TRiC 
dependent. A model proposed to describe the sequence of steps in 
this reaction is shown in Fig. 5. (1) The first cytosoiic factor 
thought to be encountered by many nascent chains is NAC, a 
heterodimer of 33K and 21K subunits with an affinity for ribo- 
somes 1491 * NAC shields the -33 residues of a nascent polypep- 
tide adjacent to the peptidyl transferase site and prevents the 
association of translating ribosomes with the ER membrane, 
except when a secretory protein destined for translocation into 
the ER is synthesized that is recognized by SRP. (2) NAC binding 
may signal (hat a nascent polypeptide is about to emerge from the 
ribosome and could be involved in recruiting the chaperone 
components required for further protection of the growing poly- 
peptide. In any case, Hsc70 and Hsp40 can associate with nascent 
chains that expose less than 50 amino acid residues beyond the 
NAC binding site 35 . Hsp40 activates the Hsc70 ATPase 64,151 and 
has a catalytic function in loading Hsc70 onto the nascent chain 35 
(Fig. 2c). (3) Unlike GroEL, TRiC has the capacity to bind to 
nascent polypeptides 35 * 133 (H. Stemlicht, unpublished), at least in 
an in vitro translation extract TRiC can be recruited to the 
elongating chain when ~150t200 amino-acid residues have 
emerged from the ribosome, consistent with a role of TRiC in 
mediating the cotranslational folding of certain polypeptide 
domains 35 (Fig. 5). However, completion of folding is only 
observed after the release of the full-length polypeptide from 
the ribosome 35 * 37 - 133 (Fig. 1). At this point, the polypeptide-TRiC 
complex dissociates in an ATP-dependent reaction, resulting in 
the rapid formation of the native protein. Future research will 
have to reveal the mechanisms by which the different chaperones 
are specifically recruited to the translating polypeptide and the 
degree of their functional coupling in this pathway. 

Perspectives 

The principles of protein refolding established in vitro also govern 
the de novo folding of proteins in vivo. This has become clear in 
particular from recent studies of the chaperonin mechanism. 
However, the requirement of a highly coordinated protein 
machinery to assist a polypeptide along most of its cellular folding 
pathway provides a fascinating additional layer of complexity that 
warrants detailed analysis. It must be emphasized that proteins 
and the cellular folding machinery have coevolved. Thus, using 
chaperone components as tools, much may be learned about the 
properties of critical folding intermediates and the rules of the 
folding process. 

Another focus of future research is likely to concern the 
possible role of molecular chaperones in various pathological 
states. The basic defect in a number of human genetic diseases 
is known to affect the folding and intracellular trafficking of key 
proteins 152 , cystic fibrosis being perhaps the most prominent 
example. Molecular chaperones may also be involved in the ' 
pathogenesis of other protein-folding defects, inducing certain 
prion diseases and perhaps amyloidosis. □ 

F. Ulrtch Haiti is in the Howard Hugjies Medical Institute and Cellular 
Biochemistry and Biophysics Program, Memorial Sban-Ketmring Cancer 
Center, 1275 York Avenue, New York, New York 10021, USA 
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Table 1 (continued) 



Subcellular 
localization 



Organism 



Cooperating 
factors 



Activity 



a 
n 

X 

> 

50 



Hsp60 family 
Prokaryotes 
Cytosol 



E. coli 



GroEL 



GroES 



Eukaryotes 

Mitochondria 5. cerevisiae 
iV. crassa 



H$p60 



Hsp58 



HsplO 



HsplO 



Chloroplasts Plants 



TRiC family 
Axchaebacteria 
Cytosol Sulfobbus 

Pyrodiaium 



CpntiO. robisco CpnlO 
binding pro- 
tein 



TF55 



None identified 



Promotes folding in vivo of overproduced pro- 
teins and refolding of many proteins in vitro 
(34, 35, 37, 38. 40-44, 189-195); required 
for phage assembly in vivo (31); facilitates 
export of ^-lactamase (247); stabilizes pro- 
teins during beat stress (208-210). 

Promotes folding and assembly of newly im- 
ported proteins (36. 59V, stabilizes proteins 
destined for re-export to intermembrane space 
(240): binds heat-denatured mitochondrial 
proteins and prevents aggregation (208). 

Binds newly imported proteins (248); promotes 
in vitro assembly of trimcric ornithine carba- 
moyitransferase (183). 

Required for assembly of nbuiose bisphosphate 
carboxylase (32. 33. 85), and probably other 
cbloroplast proteins. 



Binds thermally denanired proteins, hydroryzes 

ATP (451. 
Has ATPase activity 1211), 



Eukaryotes 
Cytosol 



Hsp90 family 
Prokaryotes 

Cytosol 
Eukaryotes 

Cytosol 



Mammals 



coli 
Mammals 



TRiC (TCP1- 
con tainin g 
ring complex) 



HtpG 

Hsp90 
(Hsp83. 89) 



None identified 



None identified 
p59 

immunophilin (p50, 
hsp56); hsp70 



S. cerevisiae ^ 

T. cneii. C. fasciae Hsp83 
lata trypanosome 

Endoplasmic Mammals Grp94 

reticulum (ERp99) 

Chicken (HsplOO) 



None identified 
None identified 



Binds newly synthesized tubulin in reticulocyte 
extracts (49); promotes folding of acrin, tubu- 
lin, and firefly hiciferase (46-48). 



Function unknown (220). 

Binds to steroid receptors (217) and dioxin re- 
ceptor (219) and stabilizes the high-affinity 
ligand-binding form; binds pptfT"** and in- 
hibits its tyrosine kinase activity (223); binds 
ATP and autophosphorylates (56); binds ca- 
sein kinase II and prevents its aggregation 
(227); chaperones in vino folding of citrate 
synthase (237). 

Promotes hormone response by introduced glu- 
cocorticoid receptor (54). 

Has high peptide-stimulated ATPase activity 
(249). 

Function unknown (221, 222). 

Binds actin and Ca^oUmodulin (223). 
Function unknown (224). 
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Many neurodegenerative diseases are caused by 
gain-of-function mechanisms In which the disease- 
causing protein is altered, becomes toxic to the cell, 
and aggregates. Among these 'proteinopathtes* are 
Alzheimer's and Parkinson's disease, prion 
disorders and polyglutamlne diseases. Members of 
this latter group, also known as triplet repeat 
diseases, are caused by the expansion of unstable 
CAG repeats coding for glutamlne within the respec- 
tive proteins. Spinocerebellar ataxia type 1 (SCA1) Is 
one such disease, characterized by loss of motor 
coordination due to the degeneration of cerebellar 
Purklnje cells and brain stem neurons. In SCA1 and 
several other polyglutamlne diseases, the expanded 
protein aggregates Into nuclear inclusions (NIs). 
Because these NIs accumulate molecular chaper- 
ones, ublqultln and proteasomal subunits— all 
components of the cellular protein re-folding and 
degradation machinery— we hypothesized that 
protein misfolding and impaired protein clearance 
might underlie the pathogenesis of polyglutamlne 
diseases. Over-expressing specific chaperones 
reduces protein aggregation in transfected cells and 
suppresses neurodegeneration in Invertebrate 
animal models of polyglutamlne disorders. To deter- 
mine whether enhancing chaperone activity could 
mitigate the phenotype in a mammalian model, we 
crossbred SCA1 mice with mice over-expressing a 
molecular chaperone (Inducible HSP70 or IHSP70). 
We found that high levels of HSP70 did Indeed afford 
protection against neurodegeneration. 



INTRODUCTION 

Spinocerebellar ataxia type 1 (SCA1) is an autosomal domi- 
nant neurodegenerative disorder characterized by progressive 
ataxia and degeneration of cerebellar Purkinje cells, inferior 
olivary neurons, and neurons within the brain stem. Symplons 
typically strike in midlife and worsen over the next 10-15 
years; there is no established therapy to delay the onset or slow 
the progression of the disease (1). SCA1 is caused by the 
abnormal expansion of jwlyglutamine within the SCA1 gene 
product ataxin-1; normal alleles have between six and 44 
glutamines, whereas disease alleles may bear as many as 82 
units (2). At least seven other human neurodegenerative 
diseases are caused by a polyghitamme repeat expansion, 
including Huntington's disease, dentatorubro-pallidoluysian 
atrophy, spinocerebellar ataxia types 2, 3, 6, 7 and 12, and 
spinobulbar muscular atrophy (3). The mechanism by which 
expanded proteins lead to long-term neurodegeneration 
remains elusive, but it is clear from numerous studies that the 
expanded polyglutamine tract confers a toxic property or 'gain 
of function' on the otherwise unrelated disease proteins. 

One hallmark of these diseases — and many other neuro- 
degenerative disorders, including Alzheimer' disease, 
Parkinson* disease, amyotrophic lateral sclerosis and the prion 
disorders — is the formation of insoluble protein aggregates or 
inclusion bodies. These aggregates are immunoreactive for 
ubiquitin, and most have been reported to contain molecular 
chaperones and components of the protea&ome (4). In previous 
work we put forward the hypothesis that the expanded poly- 
glutamine tract alters the conformation of the ataxin-1, and that 
the misfolded protein is targeted for re-folding and proteolysis 
by the ubiquitin-proteasome pathway. The earliest suggestion 
that this might be the case came from a study showing that 
nuclear inclusions (NIs) in both SCA1 patient tissue and trans- 
genic mice stain positively for the molecular chaperones 
Hsp70 and Hsp40, ubiquitin and proteasomal subunits (5). In 
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™ ?!? S ? m f 1 micC (HSP70 f "' B05 *~' KSP70^; and BO?*-, HSP70**) express high levels of rat 1HSP70 in cerebellar Puridnje cells. Note thai the SOU 
^^^f^ e transgenic does not alter HSP70 Levels. (A) Western bid analysis of total cerebellar protein lysate with antibodies specific for the inducible 
S^^S?^ 1 ^ f^^^?^ merati,l f E J^S 5°^ 111 "S" 0 "^^Seaic mico bm not In wild-cypc or B05 mle^ 0> Maximnni expose of a simUar wesr»t 
Wot to reveal the low levels of endogenous IHSP7G demonstrates that rat 1HSP70 expression is -10-fold greater than endogenous IHSP70 (C-E) In situ RNA 
analysw demonstrates that the transgene is predominancy expressed in the Purfcinje ceU layer. Higher magnification in (E) reveals that the iHSP70 transcript in 
S^T T^-^x .°J? y g ab0Ve ^ back S ronnd ' Therefore, unstressed transgen^skive mice express high levels of IHSP70 in cerebellar 
mnunje cells. This high level of expression appears to occur without any apparent detrimental effect on gross cerebellar morphology. 



support of a role for chaperones, we found that over-expression 
of an HSP40 chaperone, HDJ-2, reduces aggregation in tissue 
culture (5). To investigate the role of the ubiquitin-proteasome 
pathway in SCA1 pathogenesis, we crossed SCA1 transgenic 
mice (the BG5 line) with mice lacking the ubiquitio E3 ligase, 
Ube3a. Neuronal degeneration was accelerated in these double 
mutants, and these results provided the first in vivo (albeit 
indirect) support for our hypothesis (6,7). 

A genetic screen in an SCA1 fly model provided the most 
recent evidence that protein clearance pathways are involved 
in SCA1 pathology. Significantly, some of the more prominent 
exacerbations of the SCA1 phenotype occurred in the context 
of deficiency of chaperone proteins, including HSP70 (8). 
Other Drosophila models have also been used to demonstrate 
that overproduction of the Hsp70 and Hsp40 molecular 
chaperones suppresses poiyglutamine-induced neurotoxicity 
(8-1 1). Chan ei aL (1 1) further demonstrated that over-expression 
of the HSP40 chaperone dHdj-1 can suppress polyglutamine 
toxicity only in the presence of functional HSP70. Since 
HSP40 chaperones present substrates to HSP70 and stimulate 
its activity, it is not surprising that dHdj-1 would require 
functional HSP70 in order to modify the phenotype in flies. 



RESULTS 

Crossbreeding and IHSP70 expression analysis of HSP7Q7 
SCA1 mice 

To determine whether over-expression of HSP70 could 
ameliorate the disease phenotype in an animal model which 
closely approximates the human disease, we crossed the well 
characterized BOS line (12) with mice that over-express the 
inducible form of rat HSP70, under the control of the human 
cytomegalovirus enhancer and chicken p-actin promoter (13). 
To evaluate their suitability for studies of the role of HSP70 on 
SCA1 -induced neurodegeneration, we first sought to deter- 
mine whether they express high levels of the transgene in 
cerebellar Puridnje cells. We used western blot analysis to 
compare the expression of endogenous HSP70 with that of 
iHSP70 in whole cerebellar extracts from Hsp70 transgenic 
and wild-type mice, B05 and B05/HSP70 double transgenics. 
Levels of endogenous iHSP70 in non-stressed wild-type mice 
are extremely low; HSP70 transgene expression is -10-fold 
higher in HSP70<W mice (Fig. 1 A and B). It is interesting that 
there is no difference between wild-type and BOS animals in 
HSP70 expression, which suggests that mutant ataxin-1 
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Figure 2. Cerebellar morphology and function in transgenic mice expressing rat IHSP70. Gxlbindm staining of cerebellar sections from 12. 5- week-old wild-rype 
(A) and HSP7CP**-> mice (B) show similar morphology, indicating mat HSP70 oveMOtpressian has no detectable effect on cerebellar andPurfcuijc cell moiphotogy. 
(C) Expression of HSP70 alone has no significant effect on Rotarod performance. 



expression alone does not elicit a notable HSP70 stress 
response. HSPTO^ and BOSW/HSP?^^ mice demonstrate 
equal HSP70 levels (Fig. IB). As homozygotes, HSP70W 
(data not shown) or BOS^VHSPTOfW mice exhibit twice the 
HSP70 levels of HSP70 hemizygotes. Since it is conceivable 
that the abundant expression might be contributed by non- 
Purkinje cells — either neuronal or glial populations — we 
performed RN A in situ analysis to examine HSP70 expression 
within the cerebellum. We found that the strongest in situ 
signal localizes to the Purkinje cell layer (Fig. 1C and D). 
Immiinohifitochemical studies of the same HSP70 transgenic line 
confirmed that Purkinje cells contain high levels of the transgeoe 
product (14) and mat the protein is predominantly cytoplasmic. 

Chaperone over-expression alone is not deleterious to 
morphology or function 

Because molecular chaperones have such a wide variety of 
functions, we first sought to determine whether over-expression 
of HSP70 might have deleterious effects on neuronal 
architecture or function. Because our subsequent analysis 
would be restricted to the cerebellum, we focused on cerebellar 
cyto-architecture and Purkinje cell dendritic morphology using 
the Purkinje cell-specific marker, calbindin. The fissura prima, 
which defines the anterior boundary of the central lobe, shows 
a similar degree of neuronal degeneration from one BOS 
animal to another, so we examined it at high magnification for 
comparison. Examination of wild-type and HSPTO^ sections 
at 12.5 weeks (Fig. 2A and B, respectively) reveals that over- 
expression of rat iHSP70 alone does not have any detectable 
effect on normal cerebellar development or Purkinje cell 
morphology. Cerebellar function in HSP70 mice also seems 
unaffected; accelerating Rotarod analysis of 9.5-week-old 
mice revealed no difference between non-transgenic and trans- 
genic mice over-expressing HSP70 at either hemizygous or 
homozygous levels (Fig. 2C; statistical analysis of variance 
revealed no differences in performance). These studies indicate 
that over-expression of the iHSP70 chaperone alone does not 
impair ftirkinje cell development, survival or function. 



High levels of chaperone expression mitigate the SCA1 
behavioral phenotype 

Having established that HSP70 over-expression does not itself 
cause a phenotype that would confound the results of our 
proposed study, we performed accelerating Rotarod tests at 9.5 
and 12.5 weeks with BOS and BOS/HSr^C^ animals (Fig. 3A 
and B). B05 transgenic mice become ataxic by home cage 
behavior at 12 weeks of age and show motor incoordination by 
Rotarod testing as early as 5 weeks after birth (6,12). At 9.5 
weeks of age, the B 05 mice were significantly more unpaired 
on the Rotarod than B05 httermates over-expressing HSP70^ 
(for the latter 3 of 4 days of trial) (Fig. 3A). Although bom B05 
and B05/HSP70«6H mice performed worse at 115 weeks than 
at 93 weeks, the B05 littermates expressing HSPTO^ (Fig. 
3B) were notably better than the BOS mice. The 12.5-week-old 
B05/HSP70 (f ^ ) mice often lasted on the Rotarod until it 
reached maximum speed. In fact, two of the six B05/HSP70 ( # 
-> mice performed until the trial was complete (600 s). This 
level of coordination is very rare in B05 mice at 125 weeks 
(6,12). 

To ensure mat the improved motor coordination was due to 
the activity of HSP70 rather man genetic background effects, we 
next extended the Rotarod analysis to include BOS/HSrW^ 
mice at 9-5 weeks of age. The doubled HSP70 levels provided 
even greater improvement over the B05 animals (Fig. 3C). 
During all four days of the trial, the B05/HSP70< r ^ mice 
showed a statistically significant increase hi mean performance 
time, suggesting that higher HSP70 levels offer protection 
against the rx)lyglutarnine-induced behavioral phenotype. 

High HSP70 levels reduce SCA1 pathological changes 

As reported previously, anti-calbindin immunofluorescence 
studies of BOS mice at 9.5 weeks revealed thinning of Purkinje 
cell dendritic arborization and slightly misaligned Purkinje cell 
layers with heterotopic Purkinje cells (Fig. 4A) (12). B05/ 
HSP70W mice at 9.5 weeks manifest a similar thinning of the 
Purkinje cell dendritic arborization but less spatial alteration in 
the Purkinje cell layer (Fig. 4B). In light of the dose-dependent 
protection seen by Rotarod analysis, we expected to find better 
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Purkinje cell morphology in BOS mice doubly transgenic for 
llSrjWste. Indeed, a 9.5-week-old B05/HSP70W*> cere- 
bellum shows numerous Purkinje cells having thicker and 
more arborized dendritic branches than BOS neurons (Fig. 4C). 
The protective effect of HSP70 was still apparent at 12 5 
weeks, as can be seen by comparing the BOS neuropathology 
with mat of BOS/HSPTO^s) mice. The B05 cerebella contain 
numerous heterotopic Purkinje cells (arrowheads) with dramat- 
ically reduced dendritic arborization (Fig. 4D). Cerebella from 
BOS/HSPTO* 1 ^ mice, on the other hand, show markedly fewer 
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heterotopic Purkinje cells and more robust dendritic arborization 
(Fig. 4E). Over-expression of iHPS70 thus suppresses the poly- 
gLutamine-induced neuropathology of SCA1 transgenic animals, 

Chaperone over-expression does not alter NI formation 

In Purkinje cells from BOS mice, ataxia- 1 is localized primariiy 
to a single nuclear structure, with limited distribution 
throughout the nucleus (Fig. 5A) (5,7,15). Purkinje cells from 
age-matched (9.5 weeks) littermate BOS animals over- 
expressing inducible HSPTO**^ had identical staining patterns 
(Fig. SB). To quantify the occurrence of NI in the different 
lines, we divided the number of Purkinje cells with aggregates 
by the total number of Purkinje cells counted in 5 Hm sections 
of the entire midsagittal cerebellar hemisphere. The percentage 
of BOS Purkinje cells bearing NI increases with age from 
-27.5% at 6.5 weeks to -55% at 9.5 weeks (Fig. 5C) (7,15). 
The double transgenic mice manifested similar rates of NI 
formation: -25% at 6.5 weeks and -50% at 9.5 weeks. Like the 
B05/HSP70<^ at 9.5 weeks, B05/HSP70< r s"B> mice had similar 
percentages of Purkinje cells with NI as the BOS line (-49%). 
These results are reminiscent of two studies in Drosophila 
which found that over-expression of HSP70 with or without 
dHdj-1 suppressed neuronal degeneration but did not notice- 
ably affect NI formation (9,1 1). 

DISCUSSION 

This report is the first to demonstrate that high expression 
levels of LHSP70 afford protection against polyghitarnine- 
induced neurodegeneration in a mammalian model of SCA1. 
By what mechanisms might the chaperones be conveying their 
ameliorative effect? One possibility is that they moderate the 
folding or ubiquitin-pro teasomal clearance of mutant ataxin-1 
(and other polyglutamine proteins). We previously showed 
that the NIs were smaller in the presence of higher-than- 
normal levels of DNAJ/HDJ-2, and Femandez-Funez etal (8) 
found that over-expression of dHdj-1 changed the pattern of NI 
formation in flies over-expressing mutant ataxin-1 (5). Others 
also found that hsp40 and hsp70 were able to inhibit poly- 
ghitamine fibril formation in vitro (16). Although Hsp70 and 
dHdjl have not appreciably reduced the size of NI in a 
Drosophila model of SCA3, more of the mutant protein is 
extractable in these flies, since a greater proportion of the 



Figure 3. BOS transgenic mice expressing rat 1HSP70 perform better on Rotarod 
than BOS litterraates. For 3 of the 4 days of tru* at both 93 (A) and 1X3 (B) 
weeks, the B05 transgenic mice expressing rat iHSF70P&^ last longer oo the 
Roterod than BOS litiermates. Although both groups of animals show progress- 
ive loss of neurological function, the B05 animals expressing higher chaperone 
levels are able to maintain their balance on the rotating rod when it reaches the 
maximum speed (240 rotadons/s). At 12^ week*, two of six double transgenic 
animals stayed on the Rotarod onlil the trial was complete at 600 s. This is care 
with BOS animals at 1 IS weeks (none of six in this study). The performance lev- 
els with statistical difference between BOS/HSPTO* 1 *" and BOS Uttennnrea are 

noted with asterisks; * P < 0.05; « P < 0.005; «•• P < 0.001. (Q At 9S 
weeks of age, BOS mice expressing homozygous levels of HS*70^ perform 
better on the Rotarod than BQ5/HSP7GW and BOS animals. In a larger set of 
animals the analysis was expanded to include BOS mice expressing homozygous 
levels of Hsp70**«. BO5/HSP70^ performed better than B05/HSP70*- 
animals, which in turn performed better than B05 mice. 
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Figure 4> Cerebellar morphology in SCAJ BOS transgenic mice expressing rat 1HSP70. Calbindin staining of cerebellar sections at the level of the fissure prima 
between the anterodorsal and central lobes (A-F). Cerebellar section from (A) a 9. 5- week-old BOS mouse demonstrating early alterations in Purkinje cells 
mrjrphotogy. including thinning of the dendritic arborization and disruption of the Purkinje cell layer (arrowhead). (B) Sections from B05/HSP70«^> mice show 
jumlar Porfcinje cell alterations. Transgenic mice hemizygous for BOS and homozygous for 1HSP70 (Q ? however, have slightly thicker Purkinje cell dendritic 
arbonzaUonat 9^weeto>than B05 and B05/HSP70»«H lirifinnates. Progressive Purfcinje cell pathology is seen in B05 mice at 12 weeks in (D), inciotfinc loss of 
dendritic arborization and hetcrotopically localized Purkinje cells (arrowheads). (E) B05/HSP7rjdt»j) mice at 12 weeks have better dendritic arborization than B05 
lltteimates, with marked reduction in Purkinje cell heterotopia [compare (D) and (E)]. (F) Wild-type at 12.5 weeks. 



protein is visualized as a monomer on SDS gels when either or 
both of these chaperones are expressed (1 1). 

Mutant ataxin-1 has proven to be difficult to extract or 
sohibilize from cerebella of transgenic SCA1 mice (6). We did 
attempt to ascertain whether increased levels of Hsp70 in 
Puikinje cells could render expanded ataxin-1 more extractable 
or soluble. High salt and SDS extraction treatment of cerebella 
from BQ5 and BQ5/HSP70 mice, however, showed no appreciable 
effect; indeed, virtually none of the protein was soluble in SDS 
in either instance (data not shown). This lack of effect on 



protein solubilization might lie in the properties of complexed 
ataxin-1 in Purkinje cells (as opposed to complexes of other 
polyglutamine proteins such as ataxin-3 in Drosophila). Also, 
other factors such as the context of the polyglutamine tract, the 
stoichiometry of the chaperones, and cell-specific . factors 

might contribute to differences in extractibility (17). It might 
be possible to solubllize ataxin-1 with more stringent extraction 
protocols; nonetheless, the disease phenotype is clearly 
mitigated with little apparent difference in the properties of the 
aggregating polyglutamine protein. 
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Figure 5* SCAI BOS transgenic mice expressing rat iHSP70 have NIs. Immunohistochemistry of cerebellar sections from 6.5-week-old BOS"^ 1 (A) and 
BQS/HSF7&WV littennatc (B) stained with anti-ataxln-1 antibody. Both animals have Purkinje cells containing ataxin-1 -positive nuclear aggregates. (O BOS mice 
expressing HSP70 have approximately the same numbers of Purtdnje cells with nuclear aggregates as age-matched BOS mice. The bars represent the percentage of 
Pnxkinje cells with nuclear aggregates at 6.5 and 9.5 weeks. Hie data were generated from two BQ5/HSP70W animals at each age, one BOS at weeks, and one 
BOS/HSPTO^ at 9*5 weeks. The total number of Fuikinje cells used to calculate the frequency of aggregates is: it = 2046 and 2027 for BOS'HSlWsH at 6 5 and 
9.S weeks, respectively; n a 1 292 for BOS 6.5 weeks; and n = 930 for BOS/HSPTOf* *\ 



There fire other sveoucs by which chaperones may act to 
improve polygluia mine-induced phenotypes. HSP70 over- 
expression could act competitively to protect against toxic 
interactions between mutant ataxin-1 and its normal or 
acquired interacting partners. Alternatively, HSP70 could 
suppress apoptosis by acting downstream of cytochrome c 
release and upstream of caspase-3 activation (18, 19). HSP70 is 
able to suppress the stress kinase c-Jun W -terminal kinase 
(JNK) (20); this activity is independent of HSP70's protein re- 
folding function, as it can be mediated by a deletion mutant 
which lacks the ATP-binding domain (21). INK activation has 
been observed in a hippocampal neuronal cell line which 
expresses expanded huntingtiji (22,23), raising the possibility 
that activation of stress-signaling kinase and JNK might be one 
of the pathways involved in polyglutamine-induced neuro- 
degeneration. 

Notwithstanding our present uncertainty as to mechanism, 
there are three important outcomes of this study. First, chap- 
erone over-expression in Purkinje cells does not appear to have 
untoward effects on the morphology of these neurons or their 
role in motor coordination. Second, because the same molec- 
ular changes (altered subcellular distribution of chaperones 
and components of the ubiquitin proteasome pathway, and 
downregulation of r^irkinje cell-specific genes) (5,24) are seen 
in the SCAI B05 mice and in human patients, the success of 
the double mutant mice gives hope that upregulating chap- 
erone activity offers a possible therapeutic strategy to suppress 
polyglutamine-induced neurotoxicity in a mammalian central 
nervous system. This beneficial effect is assayable and respon- 
sive to chaperone dosage. Of course, the studies in mice do not 
parallel the human condition completely; the B05 line 
expresses ataxin-1 82Q at 50-100x endogenous levels. Either 
substantial over-expression or an extremely long poly- 
glutamine tract is necessary to produce a disease phenotype in 
the mouse, presumably because the life-span of the mouse is 
too short for its neurons to accumulate damage from giutamine 
toxicity (a process which takes decades in humans). On the 
other hand, this may explain why the phenotype in the double 
mutant mice was still apparent, if diminished; the iHSP70 mice 
over-express the chaperone by only 10-20x endogenous 



levels. It is tempting to speculate that further benefit might be 
achieved by enhancing expression of the iHSP70 transgene in 
Purkinje cells or increasing the ratio of chaperone to mutant 
protein expression in favor of the former. 

The third important outcome of this study is proof of the 
principle that both Drosophila and cell culture provide reliable 
models for high-throughput screening assays, and that path- 
ways discovered in these models to affect polyglutamine- 
induced neurodegeneration are likely to carry over into 
mammalian systems. Such screens might uncover a plethora of 
candidate targets whose biological significance is yet to be 
deciphered, but from a therapeutic standpoint this issue might 
be moot if beneficial effects can be brought to the bedside. 

MATERIALS AND METHODS 

Generation and maintenance of transgenic mice 

Transgenic mice expressing rat 1HSP70 were generated and 
characterized as described previously (13,14). Three 
homozygous HSP70 (tg/l5) male mice, strain CB6, were mated 
with 1-2 female B05 heterozygous mice (6), producing mixed 
CB6 and FVB genetic backgrounds. First or second generation 
B05< t e / ->/HSP70 ( * / - ) mice were mated with either HSP70^> or 
HSP70 ( ^ mice to produce all combinations and numbers for 
pathology and Rotarod analysis. 

Immunohistochemistry, immunofluorescence and 
immunoblottmg 

Immunohistochemical and immunofluorescence staining were 
performed as described previously (7), using monoclonal anti- 
iHSP70 (StressGen, SPA-810) and monoclonal anti-calbindin 
(Sigma. CL300). We performed western blot analysis as 
described previously (7) with 100 Hg/lane dounce-homo- 
genized total cerebellar lysates [2% SDS, 100 mM Tris pH 6.8, 
25 mM DTT, protease inhibitors (Boehringer Manheim)]. 
Nitrocellulose blots were probed with anti-iHSP70 (1:1000) 
and anti-actin (1:500) (Sigma, AC-40). 
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To determine whether chaperone over-expression affects 
solubility or extractabflity of ataxia- 1, the cerebella of 6- week- 
old mice of each genotype were cut into two sagittal sections 
along the midline so as to allow two distinct extraction 
procedures; half the cerebellum was minced by a razor blade, 
then sonicated in 700 |Al of 5x Laemmli sample buffer 
containing 3% 2-mercaptoethanol, and 8 M urea with protease 
inhibitors; the other half was homogenized in 0.25 M Tris 
pH7.5, containing 0.2 mM sodium vanadate and 50 mM 
sodium fluoride drawn through an 18 gauge needle to ensure 
complete homogenization, and briefly spun at 2500 r.p.m. on 
the microcentrifuge (600 g). Protein determinations of the 
supernatant of these samples were performed using the 
Bradford reagent to confirm equivalent levels of each protein, 
and 100 \igof protein from each sample was dissolved in 
5x Laemmli buffer to be loaded on a single lane of a 15- well 
BioRad minigel apparatus using standard conditions for 
running and staining. 

In situ hybridization 

Following a previously described method (25), 12 |xm sections 
were cut from fixed and wax-embedded wild-type and 
HSP70W-* cerebellum. Sections were rehydrated, treated with 
proteinaseK, acetylated and dehydrated. S 35 -labeled probes 
were generated with the T7/SP6 in vitro transcription kit 
(Boehringer-Manriheim). Sections were incubated with probe 
overnight at 55°C, washed at 62°C in lx SSC and formamide, 
and RNAse A treated. The slides were dehydrated, dipped in 
emulsion and developed, then viewed by indirect microscopy. 

Rotating rod analysis 

Rotarod analysis was performed on naive animals at 9.5 and 
12.5 weeks. Test and control animals matched for age, sex and 
weight were tested on the Jones and Roberts accelerating 
Rotarod apparatus (Stoelting, IL, Ugo Bassili). The instrument 
accelerates from 4 to 40 r.p.m. over a period of 4 min and 30 s. 
Time was recorded when an animal fell off or made two 
consecutive revolutions, holding onto the rod. A trial was 
allowed to proceed for 10 min (600 s). The procedure was 
repeated, with four trials a day, for four consecutive days. 
Weights were recorded' on the last day of the trial. Statistical 
analysis of variance and student's f-test were performed with 
Microsoft Excel (98) or InStat (2.03) and the histograms were 
generated in DeltaGraph (4.0). 
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Heat Shock Protein 70 Chaperone Overexpression 
Ameliorates Phenotypes of the Spinal and Bulbar Muscular 
Atrophy Transgenic Mouse Model by Reducing Nuclear- 
Localized Mutant Androgen Receptor Protein 

Hiroaki Adachi, 1 Masahisa Katsuno, 1 Makoto Minamiyama, 1 Chen Sang, 1 Gerassimos Pagoulatos, 2 
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Spinal and bulbar muscular atrophy (SBMA) is an inherited motor neuron disease caused by the expansion of the polyglutamine (polyQ) 
tract within the androgen receptor ( AR). The nuclear inclusions consisting of the mutant AR protein are characteristic and combine with 
many components of ubiquitin-proteasome and molecular chaperone pathways, raising the possibility that misfolding and altered 
degradation of mutant AR may be involved in the pathogenesis. We have reported that the overexpression of heat shock protein (HSP) 
chaperones reduces mutant AR aggregation and cell death in a neuronal cell model (Kobayashi et aL, 2000). To determine whether 
increasing the expression level of chaperone improves the phenotype in a mouse model, we cross-bred SBMA transgenic mice with mice 
overexpressing the inducible form of human HSP70. We demonstrated that high expression of HSP70 markedly ameliorated the motor 
function of the SBMA model mice. In double-transgenic mice, the nuclear-localized mutant AR protein, particularly that of the large 
complex form, was significandy reduced. Monomeric mutant AR was also reduced in amount by HSP70 overexpression, suggesting the 
enhanced degradation of mutant AR. These findings suggest that HSP70 overexpression ameliorates SBMA phenotypes in mice by 
reducing nudear-localked mutant AR, probably caused by enhanced mutant AR degradation. Our study may provide the basis for the 
development of an HSP70-related therapy for SBMA and other polyQ diseases. 

Key words: HSP70; chaperone; polyglutamine; SBMA; transgenic mice; protein degradation 

Introduction nuclei, spinal motor neurons, and some visceral organs (Li et aL, 

Polyglutarnine (polyQ) diseases are inherited neurodegenerative 1998a,b). Such neuronal inclusions are common pathological 

disorders caused by the expansion of a trinucleotide CAG repeat features in polyQ diseases and are also colocalized with many 

in the causative genes (Zoghbi and Orr, 2000). To date, nine components of ubiquitin-proteasome and molecular chaperones 

polyQ diseases have been identified (Ross, 2002), Spinal and bul- (Chai et aL, 1999; Huynh et aL, 2000; Adachi et aL, 2001; Zander 

bar muscular atrophy (SBMA) is a polyQ disease, characterized et aL, 2001; Schmidt et aL; 2002), raising the possibility that mis- 

by proximal muscle atrophy, weakness, contraction fascicula- folding and altered degradation of the mutant protein may be 

tions, and bulbar involvement (Kennedy etaL, 1968; Sobue etai., involved in the pathogenesis of SBMA as well as other polyQ 

1989; Takahashi, 2001). In SBMA, a polymorphtc CAG repeat diseases (StenoienetaL, 1999;Waelter etaL, 2001). Furthermore, 

with 14-32 CAGsexpandsto40-62CAGs in the first exon of the these chaperones and proteasomes would facilitate refolding or 

androgen receptor (AR) gene (Tanaka et aL, 1996) and has so- proteolysis of the mutant protein and may play a role in protect- 

matic mosaicism (Tanaka et aL, 1999). There is an inverse corre- ing neuronal cells against the toxic properties of the expanded 

lation between the CAG repeat size and the age at onset or the polyQ (Cummings et aL, 1998; Kobayashi et aL, 2000). We haye' 

disease severity in SBMA (Doyu et aL, 1992; Igarashi et aL, 1992; shown recently that overexpression of heat shock proteins 

La Spada et aL, 1992). In SBMA, nuclear inclusions (NIs) con- (HSPs) decreases the aggregate formation of truncated AR with 

Uining mutant AR have been observed in the brainstem motor me expanded polyQ and markedly prevents cell death in the neu- 

ronal cell model of SBMA (Kobayashi et aL, 2000; Kobayashi and - 

itewrtMssuppwtribyaCewtf to^ nance the solubility and degradation of mutant AR (Bailey et aL, 

mdTedw^cf japwuidiiwantstofo 2002). HSPs have also been shown to suppress aggregate forma- 

YokdfnhatednioifisisQntt. ^ on ^ cellular toxicity in a wide range ofpolyQ disease models 

M^dMrf**m»nm^si«^N* w (Cummings et aL. 1998, Warrick et aL, 1999, Carrnichael et.ai. 

c^ejaasod^ibttanKtace mwwiawmum 2000). Recendy, overexpression of the inducible form of rat 
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HSP70 ameliorated neurologic deficits and the neuronal degen- 
eration of spinocerebellar ataxia type 1 (SCA1) transgenic mice, 
whereas the NIs consisting of mutant ataxin-1 were not reduced 
(Curnmings et al.» 2001). 

In the present study, we report that overexpression of the 
inducible form of human HSP70 markedly ameliorated clinical 
and pathological phenotypes, and that this amelioration was cor- 
related with the reduction of nuclear-localized mutant AR pro- 
tein complexes in the mouse model of SBMA (Katsuno et al., 
2002). Furthermore, the amount of monomeric mutant AR was 
also s^nificantly reduced in the double- transgenic mice, suggest- 
ing that the degradation of mutant AR may have been accelerated 
by the overexpression of HSP70. 

Materials and Methods 

Assessment of motor ability. All animal experiments were performed in 
accordance with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals and were approved by the Nagoya University 
Animal Experiment Committee. Motor ability was assessed using an 
Economex Rotarod (Columbus Instruments, Columbus, OH) on a 
weekly basis as described previously (Adachi et al., 2001). The period for 
which a mouse could remain on a rotating axle (diameter, 3.6 cm; speed 
of rotation, 16 rpm) without falling was measured. Three trials were 
performed, and lie longest duration on the rod was recorded for every 
mouse. The timer was stopped if the mouse fell from the rod or after an 
arbitrary limit of 180 sec Cage activity was measured weekly while each 
mouse was in a transparent acrylic cage (16 X 30 X 14 cm, width X 
depth X height) within a soundproofed box as described previously 
(Katsuno et aL, 2002). Spontaneous motor activity was measured by 
means of an animal behavior system (Neuroscience Inc., Tokyo, Japan), 
which monitored and counted all spontaneous movements, both vertical 
and horizontal, including locomotion, rearing, head movements, etc All 
counts were automatically totaled and recorded in 24 hr. 

Immunohistodiemistry. We perfused 20 ml of a 4% paraformaldehyde 
fixative in 0,1 m phosphate buffer, pH 7.4, through the left cardiac ven- 
tricle of mice deeply anesthetized with ketamine-xyiazine, postftxed tis- 
sues in 10% phosphate-buffered formalin, and processed tissues for par- 
affin embedding Then we deparaffinized 4-fun-thick tissue sections, 
dehydrated with alcohol, and treated for antigen retrieval (Katsuno et aL, 
2002). For the HSP70 immunohistoehemical study, the paraffin sections 
were pretreated with trypsin (Dako, Glostrup, Denmark) for 20 min at 
37°C The tissue sections were blocked with normal animal serum (1:20) 
and incubated with mouse ami-expanded polyQ (1:10,000) (1C2; 
Chemicon, Temecula, CA) and goat polyclonal antibody to HSP70 (1: 
500) (K-20; Santa Cruz Biotechnology, Santa Cruz, CA). Then the sec- 
tions were incubated with biotinylated anti-species-specific IgG (Vector 
Laboratories, Burlingame, CA). Immune complexes were visualized 
using streptavidin- horseradish peroxidase (Dako) and 3,3'-diamino- 
benzidine (Dojindo, Kumamoto, Japan) substrate. Sections were coun- 
terstained with methyl green. 

For double-labeling immunohistochenustry, sections were preincu- 
bated with normal horse serum diluted in 0.02 m PBS buffer, pH 7.4, 
containing bovine serum albumin. The sections were then incubated 
with goat anti-HSP70 antibody (1:500) (K-20; Santa Cruz) at 4°C over- 
night, washed with 0.02 m PBS buffer, incubated with biotinylated horse 
anti-goat IgG, stained with streptavidin-alkaline phosphatase, and 
visualized with fast red. lC2 antibody (1:10,000; Chemicon) was sub- 
sequendy applied to sections at 4°C overnight. After being washed, 
the sections were incubated with horseradish peioxidase-labeled donkey 
anti-mouse Ig F(ab') 2 (Amersham Biosciences, Buckinghamshire, UK), 
which had been demonstrated to cross-react with neither goat nor 
horse sera, and visualized with 3,3''diarninobenzidine. For double- 
immunofluorescence staining of the spinal cord, sections were 
blocked with 5% normal horse serum and then sequentially incubated 
with K-20 antibody (1:500; Santa Cruz Biotechnology) and 1C2 anti- 
body" (1:10,000; Chemicon) at 4°C overnight After incubation with 
biotinylated horseanti-goat IgG (Vector Laboratories) for 8 hr at 4°C 
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the sections were incubated with Alexa-488-conjugated streptavidin 
(1:400; Molecular Probes, Leiden, The Netherlands) and Alexa-568- 
conjugated goat anti-mouse IgG (1:1300; Molecular Probes), which 
had been demonstrated to cross- react with neither goat nor horse 
sera, for 8 hr at 4°C The sections were then examined and photo- 
graphed under a confocal laser scanning microscope (MRC 1024; 
Bio-Rad, Hercules, CA). 

As for the immunohistodiemistry of SBMA patients, nine patients 
with dinicapathologLcally and genetically confirmed SBMA (age 51-84 
years; mean, 643) and three non-neurological controls (age, 51-76 years; 
mean, 64-0) served as the subjects of the present study. Paraffin- 
embedded sections of the spinal cord and brain were obtained and ex- 
amined in the same way as for the transgenic mice. 

Quantification of lC2 -positive cells in the spinal cord and muscle, for the 
assessment of lC2-positive cells, 4-fun-thick coronal sections of the tho- 
racic spinal cord and gastrocnemius muscle stained by 1C2 antibody 
(1:10,000; Chemicon) were prepared, and the number of lC2-positive 
cells for one mouse was counted using a light microscope with a 
computer-assisted image analyzer (Luzex FS; Nikon, Tokyo, Japan). For 
the assessment of 1C2- positive cells in the ventral horn of the spinal cord, 
50 consecutive transverse sections of the thoracic spinal cord were pre- 
pared, and the 1 expositive cells present within the ventral horn on every 
fifth section were counted as described previously (Terao et aL, 1996; 
Adachi et al, 2001). Populations of lC2-positive cells were expressed as 
the number per square rnillimeter. For the assessment of lC2-positive 
cells in the muscle, lC2-positive cells were calculated from counts of 
> 500 fibers in randomly selected areas and were expressed as the number 
per 100 muscle fibers. 

Western blots. We exsanguinated mice under ketamine-xyiazine anes- 
thesia and snap-froze their tissues with powdered COj in acetone. Frozen 
tissue (0.1 gm wet weight) was homogenized in 1000 /a 1 of lysis buffer (50 
mM Tris-HQ, pH 8.0, 150 rim Nad, 1 % NP-40, 0.5% deoxycholate, and 
0.1% SDS with I mM PMSF and aprotinin at 6 ug/ml). Homogenates 
were spun at 2500 X g for 1 5 min at 4°C The protein concentration of the 
supernatant was determined using detergent-compatible protein assay 
(Bio-Rad) . Each lane on a 5-20% SDS-PAGE gel was loaded with protein 
(200 fig for the spinal cord and 80 /ig for the muscle from the superna- 
tant fraction), which was transferred to Hybond-P membranes (Amer- 
sham Biosciences) using 25 mM Tris, 192 mM glycine, 0. 1% SDS, and 10% 
methanol as transfer buffer. Kaleidoscope prestained standards were 
used as size markers (Bio-Rad). Proteins were men transferred to 
Hybond-P membranes, which were subsequentiy blocked in 5% milk in 
TBS containing 0.05% Tween 20 and incubated with appropriate pri- 
mary antibodies using standard techniques. Primary antibodies were 
used at the following concentrations: rabbit anti-AR antibody (1:1000 
N-20; Santa Cruz Biotechnology); mouse anti-HSP70/heat shock cog- 
nate 70 (HSC70) antibody (1-3000, W-27; Santa Cruz Biotechnology). 
We performed second antibody probing and detection using the 
ECL+plus kit (Amersham Biosciences). The HRP-conjugated secondary 
antibodies used were anti-rabbit Ig F(ab') 2 and anti-mouse tg F(ab') 2 
(1:5000; Amersham Biosciences). Nuclear and cytoplasmic fractions 
were extracted with a NE-PER Nuclear and Cytoplasmic Extraction Re- 
agents Kit according to the protocol of the manufacturer (Pierce, Rock- 
ford, IL) . Each lane on a 5-20% SDS-PAG E gel was loaded with 200 pg of 
protein for the spinal cord and 80 ug for the muscle from each fraction. 
Immunoprecipitation was performed using 1 mg of the total protein 
lysate, 10 al of protein G-Sepharose (Amersham Biosciences), and 5 ul 
of anti-AR antibody (N-20; Santa Cruz Biotechnology). Protein was 
eluted from beads by boiling for 3 nun in 10 ui of elution buffer (50 mM 
Tris-HO, pH 6.8, 2% SDS, 60 ul/ml 2-mercaptoethanol, and 10% glyc- 
erol). The elutes were loaded on SDS-polyacrylamide gels. Blots were 
sequentially probed with goat anti-HSP70 antibody (K-20; Santa Cruz 
Biotechnology). 

The signal intensity was analyzed using the NIH Image program (ver- 
sion 1 62) Relative signal intensity was computed as the signal intensity 
of each sample divided by that of the AR-97Q/HSP70 ( mice. 

Fitter-trap assay Filtration of proteins through a 0.2 noi cellulose 
acetate membrane (Sartorius AG, Goettingen, Germany) was performed 
using a slot-blot apparatus (Bio-Rad). The membranes were washed 
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three times with TBS buffer and supported by three pieces of filter paper 
(Bio-Rad). We also put 0.45 /un nitrocellulose membrane (Bio-Rad) 
under the cellulose acetate membrane to capture the monomelic AR 
protein passing through this membrane. Samples of protein (200 ftg) for . 
the spinal cord and for the muscle (80 /ig) were prepared in a final 
volume of 200 ja! in lysis buffer, loaded, and gently vacuumed. Mem- 
branes were washed three times with TBS containing 0.05% Tween 20. 
Slot-blots were probed as described for Western blots. 

Statistical analysis. We analyzed data using the unpaired t test and 
log-rank test from Statview software version 5 (Hulinks, Tokyo, Japan). 

Results 

Nondeleterious effects of HSP70 overexpression and 
generation of double-transgenic mice 

Because HSP70s have a wide variety of functions, we examined 
whether the overexpression of HSP70 under the control of the 
human /3-acun promoter has deleterious effects on phenotypes 
in mice (Plumier et aL, 1995). Motor function in the mice with 
HSP70 overexpression was not affected; a Rotarod task until 40 
weeks revealed no impairment in either hemizygous or homozy- 
gous transgenic mice overexpressing HSP70 (data riot shown). 
Histological examination at 40 weeks of age did not show any- 
detectable effect on die neuronal cell morphology and popula- 
tion and on the muscular structure in the overexpression of hu- 
man HSP70 alone (data not shown). These studies indicated that 
the overexpression of human HSP70 alone does not impair neu- 
ronal development and motor function. 

To determine whether the overexpression of human HSP70 
could ameliorate the disease phenotype of the SBMA transgenic 
mouse model, we crossed the mice expressing full-length human 
AR with 97-polyQ tract (AR-97Q mice, 4-6 line) (Katsuno et aL. 
2002) with mice mat overexpress human HSP70 under the con- 
trol of the human 0-actin promoter (Plumier et aL, 1995). The 
SBMA model (AR-97Q mice) shows small body size, short life- 
span, progressive muscle atrophy and weakness, and reduced 
cage activity (Katsuno et aL, 2002). Because the phenotypes of 
these SBMA transgenic mice are markedly pronounced in male 
transgenic mice similarly to SBMA patients (Katsuno et aL, 
2002), we used male transgenic mice in this study. We gener- 
ated the AR-97Q/HSP70 (te/t8) mice as homorygotes and the 
AR-97Q/HSP70 (t *'~ ) mice as hemizygotes, as well as the AR- 
97Q/HSP70 (_/ ~ ) mice as a control transgenic mouse line. The 
SBMA transgene expression was at the hemizygous level in all 
AR-97Q/HSP70 double-transgenics. 

Human HSP70 overexpression ameliorates motor phenotypes 
of SBMA transgenic mice 

To determine whether HSP70 overexpression has an ameliora- 
tive effect on the motor phenotypes, we performed the Rotarod 
task and the measurement of locomotor cage activity by infrared 
sensor system with the double-transgenic mice (Fig. 1 A3)* The 
AR-97Q/HSP70 ( ~' _) mice showed motor impairment on the 
Rotarod task as early as 9 weeks after birth; by 12 weeks and 25 
weeks of age they began to show significant impairment com- 
pared with AR-97Q/HSP70 (t(S/ - ) mice {p < 0,05) and AR- 
97QHSP70 (tRrt5) mice (p < 0.001), respectively. (Fig. 1A). Al- 
though both the AR-97Q/HSP70 (t8rtg> and AR-97Q/HSP70 (t »'- ) 
mice performed better than the AR-97Q/HSP7Q ( ' } mice, the 
AR-97Q/HSP70 w * mice were on the rod longer than the AR- 
97Q/HSP70 tt8/ ~ } mice during the trial. The locomotor cage ac- 
tivity of the AR-97Q/HSP70 (-/-) mice was also significantly de- 
creased at 21 weeks in comparison with the other two double- 
transgenics ( p < 0.05) (Fig. IB). No Knes were distinguishable in 
terms ofbodyveight at birth. The AR-97Q/HSP70 ( w-) mice lost 
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Figure 1. Effects of human HSP70 overexpression on the symptomatic phenotypes of male 
AR-97Qmice. Rotarod task i£,n = 10)/cage activity (fl;n » 10),bodywerght(C/i = 12),and 
survival rate (0; n = 14) of the AR-97Q/HSP70 1 -'- 1 , AR-97Q/HSP70^">, and AR-97Q/ 
HSP70 (t9/l5) mice. Ail parameters were significantly different among Aft-97Q/H$P70 { ~' * 
mice, AR-97Q/HSP70 ^ and AR-97Q/HSF70 w ~ } mice ( p < (LO01 , p< 0.05, p < 0.05. 
andp < 0.005, respectively). AR-97Q mice overexpressing human HSP70 lasted longeron the 
Rotarod and showed higher cage activity man AR-970/HSP7O ( ~'~> mice. The AR-97Q/ 
HSP70 ( " /_) mice lost weight earfler than the other two douWe-transgenks. Survival was 
prolonged in AR-97Q/HSP70 (t9/ " ) and AR-97Q/HSP70 (t9/ ^ mke compared with AR-97Q/ 
HSP70 { -'- ] mice f, FcKJtprlnts of repfesem^tjve 16-^k-oW AR-97Q/H^70 { "" /_, < AR-97Q/ 
HSP70 (t9/_) . and AR-97Q/HSP70 ^ mice, front paws are Indicated in /a/ and hindpaws in 
6fee.AR-97Q/HSP70 ( " /_> mke ejcfubitmotwv^akr^wrth dragging at the legsAIWQ/ 
TO^ mice walk almost normally; and AR-97Q/HSP70 mice walk with somewhat 
short steps, f, Tte size of sft^ was measured In 16-week-old AR-97Q/HSt70 ( -' _) , AR-97Q/ 
HSP70 ™~\ and AR-97Q/HSP70° B/t8) mice(n = 4), respectively. Each column shows an av- 
erage of steps of the hindpaw. AR-97Q/HSP70 w_) and AR-97Q/HSP70 <tBfttf mice waited 
v^sujnifiantly longer steps tlianAR-97<yH5r70 t ~ / ~ , mke.*p < 0.05; **p < 0.01.Errot 
bars Indicate 50. W, Wild type. 

weight significantly earlier than the AR-97Q/HSP70 ( ^ tg) mice 
(p < 0.01) (Fig. 1Q. The survival rate was significantly more 
prolongedinthe AR-97Q/HSP70 (tg/ - ) and AR-97Q/HSP70 (t8/tR) 
mice than in the AR-97Q/HSP70 mice ( p < 0.01 and p < 
0.005, respectively) (Fig. 1 D). The affected AR-97Q/HSP70* w > 
mice exhibited motor weakness, with dragging of the legs or short 
steps, whereas the AR-97Q/HSP70 (tg/t * r rnice showed almost 
normal ambulation and the AR-97Q/HSP70 (ts/ } mice only 
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somewhat short steps (Fig. IE). The AR-97Q/HSP70 (tB '~ ) and 
AR-97Q/HSP70 (t8 * 8) mice showed significantly longer steps 
than the AR-97Q/HSP70 (-/ " ) mice (Fig. 1 P). Although both 
the AR-97Q/HSP70 (t8/t8> and AR-97Q/HSP70 (t8/ " ) mice 
showed ameliorated phenotypic expressions, the AR-97Q/ 
HSP70^ mice were better than the AR-97Q/HSP70 (tg/-) mice 
in most of the parameters, Suggesting that the improved motor 
phenotype depended on the HSP70 expression level rather than 
on the genetic background. 

Expression levels of HSP70 in double-transgenic mice 
We examined whether the AR-97Q/HSP70 double-transgenic 
mice express increased levels of the HSP70 protein in the spinal 
cord and skeletal muscle* Immunohistochemical studies of 
double-transgenic mice stained with the specific antibody for 
HSP70 confirmed that spinal neurons and muscular cells ex- 
pressed the HSP70 (Fig. 2 A-C). The HSP70 was diffusely distrib- 
uted to the nuclei and occasionally formed various-sized NIs (Fig. 
2 A-Q. Glial cells also showed diffuse nuclear staining and NIs of 
HSP70 protein (data not shown). Western blot analysis revealed 
that the HSP70 expression level was fivefold greater in the AR- 
97Q/HSP70 (t8/ ~ ) mice and 10-fold greater in the AR-97Q/ 
HSP70 (t ^ ts) mice than endogenous HSP70 in the AR-97Q/ 
HSP70 ( " /-) mice in the spinal cord and muscle (Fig. 2D). The 
AR-97Q transgene expression did not alter HSP70 expression 
levels in the spinal cord of the wild-type and HSP70 tt8/tg) mice, 
whereas the AR-97Q transgene expression increased HSP70 lev- 
els in the muscle, suggesting that the stress-induced response is 
different between the spinal cord and the skeletal muscle (Fig. 
2D). Absence of the stress-induced response was also demon- 
strated in the nervous system of the other polyQ disease model 
mice (Jana et aL, 2000; Cummings et al., 2001 ). The nuclear frac- 
tion of the spinal cord and muscle surely contained an increased 
amount of HSP70 in the double-transgenic mice. The amount of 
HSP70 in the nuclear fraction was most abundant in the AR-97Q/ 
HSP70 (tR/tB) mice (Fig. 2E). The increased HSP70 was coimmu- 
noprecipitated with mutant AR, suggesting that HSP70 directly 
binds to the mutant AR protein (Fig. 2FJ- 

Colocalization of HSP70 with mutant AR in the nuclei 
We evaluated the colocalization of HSP70 and mutant AR in the 
AR-97Q/HSP70 double-transgenic mice. We performed double- 
labeling immunohistocherrustry and immunofluorescence double- 
staining with two primary antibodies: goat anti-HSP70 and mouse 
anti-expanded polyQ (IC2). These double-immunostaining studies 
revealed that HSP70 (Fig. 3A,Q and mutant AR (Fig. 3BJ)) present 
diffusely in the nuclei and colocalize each other (Fig. 3B.£) in the 
spinal anterior horn neurons of the AR-97Q/HSP70 (l « /t5) mice. 
We also determined that such diffuse staining of HSP70 in the 
nuclei was also present in the spinal neurons of SBMA patients 
(Fig. Immunofluorescence double-staining with anti- 

HSP70 and anti-expanded polyQ antibodies revealed that the 
endogenous HSP70 (Fig. 3G, K) and mutant AR (Fig. 3H,L) were 
colocalized on the NI (Fig. .3 1) and diffusely in the nuclei (Fig. 
3M ) in the spinal cord neurons of SBMA patients, suggesting that 
the endogenous HSP70 preferentially coexists with mutant AR 
and exerts its function in the nuclei of SBMA patients as well. 

Overexpression of HSP70 decreases the nuclear-localized 
. mutant AR 

An immunohistochemical study for mutant AR using 1C2 anti- 
"body showed a marked reduction in diffuse nuclear staining and 
NIs in the AR-9^Q/HSP70 ( ^ _) or the AR-97Q/HSP70 <ts ' t8) mice 
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ftyure 2. Increased H5P70 expression in double-transgenlcmice.A-C tmmunohistochem- 
kal study from the 16-week-old AR-97Q/HSP70 l,9/H mice in the spinal anterior horn and 
skeletal muscle stained with the antfcody specific for the HSP70. The irmnunoreacuVrty of 
HSWO was localized to trtenudei within^ 

in the anterior horn cefi ( A). A large nudear indusion was also present m the anterior horn cell 
( 8). Skeletal musde showed diffuse nudear staining and Mb (Q.ft £, Western Wot analysis of 
total spinal cord and musde protein lysate imrnunotebefed with an antfoody against HSP7Q. 
AR-97Q/HSP70 ltB/ " J and AR-97Q/HSP70 w mice express higher levels of HSP70 than wi id- 
type [Wtj and AR-97Q/HSP70 ( " / - ) mice ( 0). The HSP70 expression level is fivefold higher in 
AR-97Q/HSP70 W" 1 mice and 10-fbld rugherfn the AR^Q/HSm^ mice than endoge- 
nous HSP70 in AR-970/HSP70 ( " / " ) mice in the spinal cord and musde, respectively ( D). The 
AR-97Q transgene eipression did not alter HSP70 levels inthe spinal cord, whereas the AR-97Q 
traregeiie expression gained the respective HSP70 levefc in the muscle (a f). Therefore, the 
AR-97Q transgene expression in the double-transgenia afters HSP70 levels in the musde but 
not in the spinal cord. E, Western Wots of nudear and cytopiaf^icextixtsimmunolabded with 
an antibody against HSP70. HSP70 localized in the nucleus Mas well as in the cytoplasm {CY) 
In the spinal cord and musde of all Ones examined. AR-97Q/HSP70 w mice expressed the 
largest amount of HSP70 in both extracts, f, Inwiunopredptation (IP) Western blots for HSP70. 
Soluble tractions were collected from the spinal cord and musde, and equal protein concentra- 
tions were immunopredpitated with an antibody to the N-terrninal portion of AR and immu- 
noblotted for H5P70. Gtour«}preclpitation of the IBfTO chaperone and the poty(kxpanded 
mutant AR was detected - 



compared with the AR-97Q/HSP70 (_/ " ) mice in the spinal mo- 
tor neurons (Fig. 4 A-C) and muscles (Fig. 4D-F). The AR-97Q/ 
HSP70 ( " /_) mice showed intense and frequent 1C2 staining in 
the nuclei (Fig: 4A,D), whereas the 1C2 staining was infrequent 
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figiffB 3. Cotaaiizatbn of the raidear-localtted HSP70 daperone with mutant Aft Immu- 
nohistochenucaJanaly^ 

stretch (Immunostained with a monoclonal antibody, 1C2) in the spinal cords of 16-week-oH 
AR-97Q/HSP70 tt9rt9) mke (A-f) and S8MA patients (f-W). DouWe-labding Immunohfcto- 
chemistiy revealed diffuse nuclear staining for goatami-HSP70(d) and expanded poryQ(fl) ( 
suggesting that HSP70 and mutant Aft are coiocafized in the spinal motor neurons of AR-97Q/ 
H5p70OoAg) ^ immunoftuoTescence double-staining with antibodies against HSP70 and 
the expanded potyQ ako revealed that HSP70 and mutant AR are coiocalized as shown in HSP70 
(C green), expanded-pdyQ [D, red), and an overlay of the two signals (£ f yetfotv). Diffuse stain- 
ing of neuronal nuclei for HSP70 is also observed in the spinal neurons (f, )) ofSBMA patients. 
Immunofluorescence double-staining with antj-HSP70 { green) and anti-expanded polyQ 
(red) antibodies revealed that the HSP70 ( 6) and mutant AR(tf) are colocaiized on the Nl 
(shown myelhw in/) in the spinal anterior horn cell. The diffuse nuclear totalization of 
HSP70(fland mutant AR(H)wasalsoobservedintheSBMA posterior horn cell<M).ThU 
ceil also has an Nl (CM). 

in the AR-97Q/HSP70*' 8 '" 0 mice (Fig. 4B,£) and much less fre- 
quent in the AR-97Q/HSP70 ttBrt8> mice (Fig. 4QF). Quantitative 
assessment of diffuse nuclear staining for IC2 in the spinal motor 
neurons (Fig. 4G) and muscles (Fig. AH) revealed significantly 
more positive cells in the AR-97Q/HSP70 c ~' _) mice than in the 
AR-97Q/HSP70 (lB/ " 5 and AR-97Q/HSP70 ttB/t8) mice. However, 
the 1C2 -positive cell populations were not statistically differ- 
ent in the AR-97Q/HSP70 (t8/ - ) and the AR-97Q/HSP70 ^ 
mice. The neuronal cell population in the spinal ventral 
horn in the AR-97Q/HSP70 ( -'~\ AR-97Q/HSP70 (t » / - ) , and 
AR-97Q/HSP70 (tB/t8> mice was not significantly decreased 
compared with that in the wild-type mice (data not shown). 

Overexpression of HSP70 decreases the high-molecular- 
weight mutant AR protein and monomelic mutant 
AR protein 

. Western blot analysis showed that the high-molecular-weight 
form of mutant AR protein complexes was retained in the stack- 
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ing gel as well as a band of monomelic mutant AR monomer in . 
the spinal cord and muscle of the transgenic mice (Fig. 5). The 
mutant AR within the stacking gel was dirninished in the AR- 
97Q/HSP70 {t ^" ) and AR-97Q/HSP70^ tfi) mice compared with 
the AR-97Q/HSP70 ( ~ /-) mice (Fig, 5A,B). In addition, the AR- 
97Q/HSP70 (_/ ~ ) mice had more monomeric mutant AR protein 
than the AR-97Q/HSP70 (tB/_} or AR-97Q/HSP70 <t8 * 8> mice (Fig. 
5A,B). The mutant AR protein within the stacking gel was found 
primarily in the nuclear fraction (Fig. 5C). The mutant AR within 
the stacking gel and monomeric form of the nuclear fraction in 
the spinal cord and muscle were also decreased in the AR-97Q/ 
HSP70 (tB/_) and AR-97Q/HSP70 <tfi/t8) mice (Fig. 5Q. These ob- 
servations suggested that the overexpression of HSP70 markedly 
decreases not only the high-molecular-weight mutant AR protein 
present primarily in the nuclear fraction but also the monomeric 
mutant AR protein. 

We next performed a filter-trap assay for the quantitative 
analysis of the large molecular aggregated and soluble mono- 
meric form of the mutant AR protein (Wanker et aL, 1999). Only 
the larger-sized mutant AR protein was retained on the cellulose 
acetate membrane (pore diameter* 0.2 jum), whereas the nitro- 
cellulose membrane captured proteins of all sizes (Fig. 6 A). We 
also put the nitrocellulose membrane under the cellulose acetate 
membrane to capture the soluble monomeric AR protein passing 
through this membrane (Fig. 6B). Values were normalized to 
endogenous a-tubulin using the nitrocellulose membrane. Using 
this approach we analyzed the ability of the HSP70 to decrease 
the large aggregated or soluble monomeric mutant AR protein. 
Overexpression of HSP70 resulted in a significant decrease in 
large aggregated as well as soluble monomeric mutant AR protein 
in a dose-dependent manner (Fig. 6A-C). The endogenous AR 
protein was not retained on the cellulose acetate membrane in 
wild- type mice (data not shown). These results indicate that the 
HSP70 decreases not only the mutant AR protein complexes in 
the large aggregated form but also the soluble monomeric mutant 
AR as observed on Western blot analysis. These observations also 
suggested that overexpression of HSP70 enhanced the function of 
the ubiquitin-^proteasome pathway and subsequently accelerated 
the degradation of monomeric mutant AR protein. 

Discussion 

We generated a transgenic mouse model carrying a full-length 
AR containing 97 CAGs (Katsuno et aL, 2002). This model 
showed progressive muscular atrophy and weakness as well as 
diffuse nuclear staining and Nls consisting of the mutant AR- 
These phenotypes were very pronounced in male transgenic 
mice, similar to those in SBMA (Katsuno et aL, 2002). Here we 
demonstrate that the overexpression of human HSP70 exerts 
dose-dependent therapeutic effects on motor dysfunction in this 
mouse modeL Mutant AR and HSP70 colocalized diffusely to the 
nuclei and to the Nls in the neurons and muscles of the AR-97Q/ 
HSP70 double-transgenic mice. The overexpression of HSP70 / 
served to decrease the nuclear-localized mutant AR protein com- 
plexes in large aggregated form in the double-transgenic mice 
Monomeric mutant AR was also significantly reduced by HSP70 
overexpression, suggesting that it could accelerate the turnover of 
mutant AR. 

In our SBMA transgenic mouse model, nuclear translocation 
of mutant AR, which is dependent on the testosterone level, has 
been demonstrated to be essential for mutant AR-induced neu- 
rotoxicity (Katsuno et aL, 2002). Reduction of the testosterone 
level by castration diminished nudear-localized mutant AR and 
markedly prevented phenotypic expression in the male trans- 
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genie mice, whereas testosterone administration enhanced the 
nuclear localization of mutant AR and caused significant motor 
dysfunction in the female transgenic mice (Katsuno et aL, 2002), 
In particular, the large aggregated complexes of the mutant AR 
protein detected in the stacking gel or slowly migrating species in 
the Western blot analysis in the nuclear fraction were well corre- 
lated with the phenotypic expression in this mouse model (Kat- 
suno et aL, 2002), This suggested that oUgomeric or polymeric 
mutant AR large complex molecules positively associated with 
other molecules would exert the toxicity rather than monomelic 
mutant AR (Katsuno et aL, 2002), 

In the present study, we demonstrated that the amount of 
nuclear-localized mutant AR protein, particularly that of the 
large complex form present in the stacking gel or trapped by the 
. cellulose acetate membrane, was significantly reduced in the AR- 
97/HSP70 double-transgenic mice. Thus, the overexpression of 
HSP70 is suggested to exert its amelioration of the phenotypic 
expression by diminishing the amount of nuclear-localized mu- 
tant AR protein. However, in the previously reported SCA1 
transgenic mouse model, NIs of the mutant protein were not 
apparently decreased in the double-transgenic mice with rat 
HSP70 overexpression, although the neurological deficit and 
neuronal degeneration were ameliorated (Cummings et aL, 
2001). Because the gain of amelioration for phenotypic expres- 
sion in the model mice of Cummings et aL (2001) was mild even 
in the double-transgenics with HSP70 homozygotes, the change 
in the frequency of the NIs would not have been significant 
enough to detect In our mouse model NIs were present only in 
the small subpopulation of neurons and muscles, particularly in 
the early phase of phenotypic expression, whereas the 1C2- 
positive nuclei were abundant (Katsuno et aL, 2002). In addition, 
lC2-positive neurons are more extensive than those of NI- 
bearing neurons in the tissues of the autopsied samples from 
patients with polyQ diseases, and the distribution of lC2-positive 
neurons is Well correlated with the neurological symptoms 
(Yaraada et aL, 2001 ). These observations suggest that 1C2 stain- 
ing is a more sensitive histological marker for the detection of the 
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nuclear localization of the mutant protein with an expanded 
polyQ stretch compared with NIs detected by antibodies for the 
responsible protein. 

The interesting observation in our study was the diminution 
of monomeric mutant AR in the double-transgenic mice with 
overexpression of HSP70. Recendy, HSP70 overexpression in the 
cell culture model has revealed enhanced solubility of mutant AR 
with an expanded polyQ and degradation through the ubiquitin- 
proteasome system (Bailey et aL, 2002). Overexpression of chap- 
erones generally enhances the function of the ubiquitin-protea- 
some pathway and subsequently accelerates^protein degradation 
(Bukau and Horwich, 1998). The ubiquitin-proteasome path- 
way, particularly its activity, is known to be related to chaperone 
expression levels (Bukau and Horwich, 1998). The molecular 
mechanism for this relationship remains unsolved, but recently 
CHIP (C terminal of HSC70-interacting protein), U-box-type E3 
ubiquitin ligase, has been shown to interact with HSP90 or 
HSP70 (Connel et aL, 2001) and ubiquityiate unfolded proteins 
trapped by molecular chaperones and degrades them, thus acting 
as a "quality control E3 W (Murata et aL, 2001 ). Furthermore, there 
is a cofactor of HSC70/HSP70, Bd-2 associated athanogene 1, 
which possesses a ubiquitin-like domain and promotes binding 
of HSC70/HSP70 to the proteolytic complex (Luders et aL, 2000). 
Although such coupling factors between the HSP70 chaperone 
system and the protein degradation machinery for mutant AR are 
unknown at present, if the sirnilar E3 for mutant AR is present, it 
could ubiquityiate and degrade mutant AR as a result of interact- 
ing with HSP70. In this scenario, the overexpression of HSP70 
may accelerate E3-dependent capture of mutant AR and its deg- 
radation through the proteasome pathway. A remarkable reduc- 
tion of the monomeric mutant AR in the double-transgenics with 
HSP70 overexpression can be the reflection of the accelerated 
degradation of mutant AR through the HSP70-mediated E3- 
proteasome system. Interaction between mutant AR and HSP70 
detected by conximunoprecipifction and Western blot analysis in 
the double-transgenic mice would support this view. The over- 
expression of HSP70 could enhance the degradation of the mo- 
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Figure 5. HSP70 decreases nud ear-localized mutant Aft protein complexes as well as monomeric mutant NLA,B, Western blot analysis of total tissue homogenates from the spinal ami and 
musde of AR-97Q/HSP70 ( ~'~ J , WWQ/HSP/O^" J , and AR-37Q/HSP70 tt5rt * mice (16 weeks of age) inununofabeled by an antibody against AR (N-20). The mutant AR appearing within the 
stacking gel and monomelic mutant Aft were otrmnished in AR-97Q/HSP70 (t5/ ~ > and Afi-97Q/HSP70 (t9rt9) mice compared with AR-97Q/HSP70 t_/ " ) mice {A fl. Values of mutant AR were 
normalized to endogenous a-tubufin and expressed as the ratio to those of AR-97Q/HSP70 {_/ ~ } mice (0). Values are expressed as means *£ SO for three mice, C, Western Mot analyse of nuclear 
(AO and cytoplasm^ 

AR protein within the stacking gel was found primarily in the nudear fraction. The mutant AR within the stacking gd of the nudear fraction aisosignrRcantfy decreased in the spinal cord and musde 
of AR-97Q/HSP70 *»* mice. RSJ., Relative signal intensity. 



nomeric mutant AR, presumably through the HSP70-interacting 
quality control E3 activation, and subsequently it could reduce 
the amount of nuclear-localized mutant AR, resulting in the ame- 
lioration of phenotypic expression induced by mutant AR. To 
substantiate this, however, one needs to identify the HSP70- 
interacting £3 tigase, which recognizes mutant AR as a substrate. 

Another possibility is that overexpressed HSP70 directly renatur- 
ates the misfolded mutant AR and normalizes the interaction of 
mutant AR with proteins that are essential to maintain the cell func- 
tion (Hendricks and Hani, 1993). The overexpression ofHSP70 and 
HSP40 or HSC70 and DrosopHa human DNAJ homolog-1 
(dHdj-1) changed the distribution and morphologic pattern of NI 
formation of mutant huntingtin and ataxin-1 (Cummings et aL, 
1998; Fernandez-Funez et aL, 2000; Muchowski et aL, 2000). The 
overexpression of dHdj-1 and HSP70 increased the proportion of 
the monomeric mutant protein with an expanded polyQ, suggesting 
that chaperones modulate the biochemical properties of mutant 
rwl)<J-bearing protein (Chan et aL, 2000) . It has been proposed that 
the disease proteins with an expanded polyQ participate in inappro- 
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priate protein-protein interactions that lead to cell dysfunction and 
eventual cell death (Sherman and Goldberg, 2001 }. Molecular chap- 
erones can be involved in the conformational modification by stabi- 
lizing the unfolded mutant proteins and can facilitate or inhibit the 
interaction with self or other proteins (Opal and Zoghbi, 2002). To 
date, a number of proteins that interact with polyQ-bearing disease 
protein have been cloned, inducting huntingtin-assodated protein 
(Li et aL, 1995), huntmgtm-mteracting protein (Kalchrnan et aL,^ 
1997), gryceraldehyde-3-phosphate dehydrogenase (Burke et aL, 
1996), kudne-rich aridic nudear protein (Manila et al, 1997), poty- 
g^utamine traa-binding protein- 1 (Waragai et aL, 1999), 130 kDa 
human TATA-binding protein-associated factor subunit of the hu- 
man transcription factor TF1ID (Shimohata et aL, 2000), and cAMP 
response dement-binding protein (CREB) binding protein (GBP) 
(Nucifora et aL, 2001; Zander et al., 2001). CBP has been demon- 
strated to interact with mutant AR, colocalize in the NIs, and reduce 
the mutant AR-induced cell toxicity by CBP overexpression in the 
cell culture modd by modifying CBP-dependent transcriptional ac- 
tivity (McCampbell et aL, 2000). HSP70 may reduce the toxicity of 



2ZZ(6L8> 



Z17 = 9L 



2210 • J. Neun»d,March 15,2003 - 23(6)2205-2211 



AR-97(Ktg^-yHSP70(-/-) 
AR-97Q(tg/-)/HSP70(tg/-) 

AR-97W-VHSP70(tSftg) 



AR-97Q(tg/-VHSP70(-/-) 
AR-97Q<tg/-yHSP70(tg/-) 
AR-97QCtg/.yHSP70(tgAg) 




©5 g£ go 

si s§ 



s£ ^§ 

go <?f as- 

41 98 48 



Figure 6. HSP70 decreases large aggregated mutant AR protein and soluble monomerfc 
mutant AR protein. A< filter-trap assay of total tissue homogenates from the spinal cord and 
muscle of MnQIHWO^, 'W3msm**-\ arid AR-97<VHSP70 ( ^ mice (16 
weeks of age) immuMlabeledby an antibody against AR (N-20),Uoe aggregated mutant AR 
complexes were trapped by the cellulose acetate membrane [A), and soluble monomerk mu- 
tant AR passing through the cellulose acetate membrane was trapped by the nitroceflukse 
membrane beneath the cellulose acetate membrane (B). Endogenous a-tubufln using the 
nttrocelhilose membrane was also shown (A, B), The normalized value of large aggregated 
mutant AR and soluble monomerk mutant AR against endogenous oHubulin is shown m C 
Relative values against those of AR^O/tOTO^'"* mice were expressed as means ± SDfor 
trueermoaorameanoft™ 

musde of AR-970/HSP70 w_) and AR-97Q/HSP70 (t ^ mice in both membranes (A, 8). This 
reduction was most evident in AfWQAWO^ mke (4-0, suggesting that the overex- 
pression of HSP70 resulted in a significant dose-dependent decrease in large aggregated and 
soluble monomerk mutant AR protein. &SJ., Relative signal intensity. 



mutant AR proteins through the inhibition or acceleration of the 
interaction with these proteins. However, interacting protein in- 
volvement in association with mutant AR still needs to be 
investigated 

The other possible avenue by which HSP70 acts to improve 
polyQ-induced toxicity is the anti-apoptotic activities of HSP70. 
HSP70 suppresses apoptosb by inhibiting the c- Jun N-terminal ki- 
nase (Gabai et aL, 1998) or by inhibiting cytochrome c release and 
caspase-3 activation (li et aL> 2000; Jana et aU 2001). Furtbennore, 
HSP40 and mammalian relative of DNAJ chaperones can inhibit 
* caspase-3 and caspase>9 activation mediated by mutant huntingtin, 
independent ofhunti^ 

aL, 2002). However, the involvement of anti-apoptotic activities of 
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HSPs in protection against mutant AR toxicity through reducing the 
nudear-localized mutant AR remains to be elucidated 

In summary, the overexpression of HSP70 signincanriy amelio- 
rates the phenotypes of SBMA transgenic mice by reducing the 
amount ofnudear-localized mutant AR protein, particularly that of 
the large complex form. The amount of monomelic mutant AR was 
also reduced by HSP70 overexpression, suggesting enhanced degra- 
dation of mutant AR. A recent study revealed that the ansamycin 
antibiotic Geldanamycin induced a heat shock response and inhib- 
ited aggregation of mutant huntingtin in COS-1 cells (Sitder et aL, 
2001). Thus, HSP70 overexpression would provide a potential ther- 
apeutic avenue for SBMA and other polyQ diseases. 
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Drosophlla has emerged as a premiere model system for the study 
of human neurodegenerative disease. Genes associated with neu- 
rodegeneration can be expressed in flies, causing phenotypes 
remarkably similar to those of the counterpart human diseases. 
Because human neurodegenerative diseases, including Hunting- 
ton's and Parkinson's diseases, a re disorders for which few cures or 
treatments are available, Drosophlla brings to bear powerful 
genetics to the problem of these diseases. The molecular diaper- 
ones were the first modifiers defined that interfere in the progres- 
sion of such disease phenotypes in Drosophlla. Ksp70 is a potent 
suppressor of both polyglutamine disease and Parkinson's disease 
In Drosophila. These studies provide the promise of treatments for 
human neurodegeneration through the up-regulation of stress and 
chaperone pathways. 

Huntington's and Parkinson's diseases are late-onset, pro- 
gressive human neurodegenerative diseases associated with 
selective neuronal loss and abnormal protein accumulations. 
Huntington's disease is one of a class of human diseases known 
as the polyglutamine repeat diseases (see ret 1 for review). 
This class also includes dentatorubropallidoluysian atrophy 
(DRPLA), spmobulbar muscular atrophy (SBMA) and spino- 
cerebellar ataxias type 1, 2, 3 (also known as Machado-Joseph 
disease, MJD), 6, 7, and 17, The polyglutamine diseases are 
characterized by the expansion of a run of the amino acid 
glutamine within the ORF of the respective proteins. The 
expanded polyglutamine domain confers dominant toxicity on 
the respective disease proteins, leading to neuronal dysfunction 
and degeneration. These diseases are also associated with ab- 
normal protein accumulations containing the disease protein, 
typically in the form of nuclear inclusions. These inclusions 
immunostain for ubiquitin, suggesting that they contain mis- 
folded or abnormally folded protein, potentially targeted for 
proteasomal degradation. 

.Dominant Parkinson's disease is characterized by selective 
loss of dopaminergic neurons in the substantia nigra pars 
campacta. Abnormal protein accumulations, known as Lewy 
bodies, typify the disease. Lewy bodies are cytoplasmic aggre- 
gates composed primarily of the protein a-synuclein (2); they 
contain ubiquitinated protein, suggesting that the accumulating 
protein has been targeted for degradation. Causal association of 
abnormal a-synuclein function with Parkinson's disease was 
found when two mutations in a-synuclein, A30P and A53T, were 
described in rare familial forms (3, 4). 

Drosophila is a powerful genetic model system, which has been 
well studied as a developmental system. Many genes are con- 
served between humans and flies, including entire gene path- 
ways (5). Drosophila has a complex nervous system and displays 
complex behaviors, including learning and memory. Many genes 
known to be involved in pathways of behavior, including learning 
and memory, circadian behavior, and phototaxis, were first 
described in Drosophila mutants (6-8). Given these striking 
homologies between Drosophila and humans, we reasoned that 
the power of Drosophila genetics could be brought to bear on the 
problem of human neurodegenerative disease. 

wwvj.pnas.,org/cgl/doi/iai073/pnas.152330499 



Whereas mutations have been known for many years that lead 
to loss of integrity of the fly brain (8, 9), we reasoned that 
another way to generate such models of specific interest for their 
application to human neurodegeneration would be to express in 
the fly the pathogenic human disease gene. With the pbenotype 
in the fly resembling that of the human disease in fundamental 
properties, this would indicate at least some aspects of the 
disease process are also conserved between flies and humans. 
This conservation therefore would allow fly genetics to.be 
applied to define mechanisms of disease progression and mod- 
ifiers that interfere with the disease process, thus opening up the 
realm of Drosophila neurogenetics toward the cure and treat- 
ment of these devastating human disorders. Here I present a 
review of previous findings on Drosophila models of neurode- 
generation, with some additional new findings. 

Materials and Methods 

Details of the methods used in the studies summarized here are 
described in previously published research reports (see refs. 
10-13). The Hsp70 dominant- negative transgene encoding 
Hsp70JC71E was generated by mutagenesis of the Hsp70 trans- 
gene described (12). 

A Drosophlla Model for Human Neurodegenerative Disease 

To establish, the fly as a model system for human neurodegen- 
eration, we decided to express in the fly the normal form and a 
mutant disease form of the gene encoding spinocerebellar ataxia 
type 3, or MJD. We used a truncated form of the disease protein 
in these studies, as this protein had been shown to have effects 
when expressed in transgenic mice (14), To do this, we subcloned 
cUNAs encoding a protein with a polyglutamine repeat within 
the normal range, MJDtrQ27, and a protein with a polyglu- 
tamine repeat within the pathogenic range, MJDtrQ78, into fry 
transformation vectors. The two-component GAL4-UAS system 
was used for transgene expression (15). Transgenic flies were 
obtained, and expression was directed to neural tissues. Typi- 
cally, expression is directed to the eye with gmr-GAL4 or to the 
entire nervous system with elav-GAL4. 

Expression of the control protein MJDtrQ27 has no discern- 
able pbenotype — flies are born with eyes indistinguishable from 
normal. Expression of the disease form of the protein, 
MJDtrQ78, however, has profound effects. Hies are born with 
eyes mildly to strongly degenerate when the gmr-GAL4 eye 
driver is used, with loss of red pigmentation, loss of interna! eye 
integrity, and severe degeneration of the photoreceptor neurons 
(Fig. 1 A-D) (13). The strength of the phenotype depends on 
expression level of the transgene encoding the pathogenic 
protein— weak expression induces mild degeneration, whereas 
strong expression is associated with severe degeneration. 
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Bg. 1. Polyglutamine degeneration and suppression by the molecular 
chape rone Hsp70, {Upper) External eyes. {Lower) Horizontal sections through 
the eye to reveal the internal eye structure. C4 and S) Normal fly with just the 
driver gmr-GAlA (C and D) Fly expressing the pathogenic polygfutamlne 
protein MIDtr-QTS has severe eye degeneration, with toss of external and 
internal eye structure, (f and F) Flies co-expressing the toxic polyglutamine 
protein M JDtr-Q78 with Hsp70 have dramatically restored external and Inter- 
nal eye structure. Fly genotypes are w; +/gmrGAL4 IA and fl). w; gmr*GAL4 
U/&Hsp70fUAS-MJOtr-Q78{$ (C and D), and w; gmr-GAL4/UAS~MJDtr~ 
Q75(S)(£and fl. 



The phenotype was also progressive over time. Although the 
flics are born with various degrees of degeneration depending 
upon the specific transgenic insertion, degeneration becomes 
progressively more severe over the lifetime of the adult fly. This 
degeneration is seen as progressive loss of pigmentation, en- 
hanced deterioration of internal eye integrity, and early death of 
tt|s animal, associated with tremors and shaking movement. 
^Examination of the tissue for protein expression revealed that 
thie pathogenic potyglutamine protein forms abnormal inclu- 
sions within the cell nuclei. Such abnormal inclusions are 
characteristic of the human jwtyglutamine diseases, where they 
are described as nuclear inclusions or cytoplasmic inclusions, 
depending upon their particular subcellular localization (16-18). 
In our MJD model, tie inclusions are nuclear. Whereas these 
inclusions form early in the fly cells, degeneration of the cells 
does not occur for many days. The inclusions form in all cells in 
which the pathogenic protein is expressed, even in cells that do 
not degenerate and are insensitive to the pathogenic actions of 
the disease protein. This observation suggests that whereas the 
inclusions may be part of the disease process or indicative of the 
abnormal folding of the pathogenic protein, the mere presence 
of an inclusion is not sufficient for cellular degeneration. Nev- 
ertheless, such abnormal protein accumulations are character- 
istic of the human diseases, providing another point of similarity 
between the fly model and the human disorders. 

These features of the fly model— late onset and progressive 
neuxodegeneration accompanied by the formation of abnormal 
protein accumulations — are fundamental features of human 
polyglutamine disease. This fact indicates that Drosophila Can 
display mechanisms of human polyglutamine degeneration. 
These findings indicate that Drosophila genetics can be applied 
toward defining mechanisms, cures, and treatments for such 
human neuxodegeneration. 

me Molecular Chaperone Hsp70 Is a Potent Suppressor of 
Polyglutamine Pathogenicity 

Given that polyglutamine disease is associated with an abnormal 
protein conformation, the molecular chaperones may play a role 
in disease progression. In flies, the major stress-induced chap- 
erone is Hsp70. Therefore, we asked whether Hsp70 might be 

16408 | vwvw.pna$*rg/cgi/doi/10.t073/pnas.l52330499 



involved in the disease process. We found that the nuclear 
inclusions immunostained, from initial stages of their formation, 
with antibodies that detect the Hsp70 proteins (12). This finding 
suggested the possibility that the cells were mounting a stress 
response against the pathogenic protein. Therefore, we asked 
whether it would make a difference to supply the cells with 
additional Hsp70 activity. To do tins, we made transgenic flies 
that overexpress human Hsp70, which is highly conserved with 
fly Hsp70, but can be detected with species-specific antibodies. 

Co-expression of Hsp70 dramatically suppresses the degener- 
ation normally associated with the pathogenic polyglutamine 
protein MJDtr-Q78 (Fig. 1). The external eye structure is fully 
restored to normal, and internal eye structure is strongly re- 
stored. Moreover, not only is initial degeneration arrested but 
also progressive degeneration is prevented. We verified that 
there were no differences in transgene expression and that, 
rather, the added Hsp70 is protecting or compensating for the 
toxicity of the pathogenic disease protein. 

To address whether the enzymatic ATPase activity of Hsp70 
is important for the suppression, we examined transgenic flies 
that express a form of the constitutively expressed Hsp70, Hsc4, 
with a point mutation in the ATPase domain that acts in vivo in 
a dominant-negative manner (19). Co-expression of this protein 
with the disease protein not only fails to suppress, but actually 
enhances, degeneration. This finding suggests that toxicity to the 
polyglutemine protein is sensitive to the levels of the Hsp70 
family of molecular chaperones, with added Hsp70 preventing 
degeneration, whereas interference with endogenous chaperone 
activity promotes degeneration. 

We also investigated the role of the Hsp70 co-chaperone 
Hsp40 in protein pathogenicity, by creating transgenic flies that 
overexpress the fly counterpart of the human Hdjl class of 
molecular chaperone, dHdjl. These flies, like those expressing 
Hsp70, also show strong suppression of potyglutamine toxicity 
(ret 11, also reL 20). The Hsp40 proteins show specificity in that 
dHdjl is effective, whereas dHdj2 is poor at protecting against 
polyglutamine toxicity (11). This difference is consistent with 
idea that different Hsp40 class chaperones have distinct sub- 
strate specificities [see review by Haiti and colleagues in this 
issue (21) for more extensive discussion of Hsp70/Hsp40 func- 
tional interactions]. There appears to be selectivity for the 
polyglutamine protein, such that dHdjl is more effective. 

We also examined potential interactions between Hsp70 and 
dHdj-1. As dHdj-1 is presumabty a co-chaperone for Hsp70, we 
anticipated that we might detect a synergy between the two 
proteins in suppression of pathogenicity. Indeed, although either 
Hsp70 or dHdjl on its own is a strong suppressor, when they are 
co-expressed suppression of polyglutamine degeneration is even 
stronger (Fig. 2). These findings emphasize the importance of 
providing a sufficient complement of chaperones for suppres- 
sion. In our disease model, it appears that there are sufficient 
levels of Hsp70 and Hsp40 alone to allow initial suppression. The 
late-onset nature of the degeneration may signify that the 
chaperone system eventually becomes overwhelmed. However, 
cells with a generally poor basal stress or chaperone system may 
require more than just Hsp70 or Hsp40 alone for significant 
suppression, instead requiring a complement of chaperones to 
effect protection. 

It is of interest that the potent suppression of the adult eye 
degenerative phenotype by Hsp70 and dHdjl occurs in the 
absence of an effect on the morphology of the aggregates formed 
by the pathogenic protein, as visualized by immimocytochemis- 
try. Nuclear inclusions are formed in the fly upon chaperone . 
suppression, and they are present in the same number and the 
same size as in the absence of additional chaperones. The nuclear 
inclusions appear the same, except that the exogenous Hsp70 
and dHdjl are now also found in the inclusions, suggesting an 
interaction with the pathogenic protein. 
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fijj. 2. Hsp70 and Hsptt synergiie in suppression of potyglutamlne toxkrty. 
Two copies of the pofyglutamine protein are expressed In A-D, which makes 
the phenotype severe enough that synergy may readily be seen. (4) The 
polyglutamlne protein MJDtr-Q78 causes severe degeneration. {& and O 
Expression of either Hsp70 CO) or dHdji (Q alone has partial ability to rescue 
ett structure. (D) Expression of Hsp70 with dHdji results In full restoration of 
ey| structure to normal (compare with FI9. Fly genotypes are w; gmr- 
UAS-MJDtrQ78/U/&MJDtr-Q78 (A), w; gmr-GAL4 UAS-MJDtr-Q78/ 
UAS-MJDtrQ78 UAS-Hsp70 (B) ( w; gmr-GAL4 UAS-MJDtfQ78/UAS-MJDtr478 
UAS-Hsp40 (Q, and w; gmr^GAU UAS-MJDtr-Q78 UAS-Hsp70/UAS-MJDtr- 
Q78 UAS-Hsp40. (f) Chaperones Increase the SDS-soJubiltty of the pathogenic 
polyglutamlne protein. Shown is a Western Immunobtotof noonomeric poly- 
glutamine protein extracted from the heads of flies expressing the disease 
protein alone (left lane), or with Hsp70 (right lane). As shown in the left lane, 
normally most of the polyglutamlne protein is SDS-lnsoluble, remaining 
within the stacking gel and poorly transferring in a Western Immunoblot (see 
ref . 1 1), such that little or no protein is present as a monomer. However, in the 
presence of chaperones (right lane), there is a significant amount of protein 
now SOS-soluble that runs as a monomer. Lower get is ^tubulin control 
showing equal loading. Heads are from files of genotype w; gmr-GAL4 
UAS-MJDtrQ78/+ (left lane) and w; gmr-GAL4 UAS-MJDtr-Q78/UA5*Hsp70 
(right lane). 

To address this question in another manner, we performed 
Western immunoblot analysis on the flies and examined the 
solubility properties of the pathogenic protein. By this assay, the 
pathogenic protein remains Largely insoluble in SDS-resistant 
complexes that fail to enter the protein gel, remaining within the 
stacking gel, and transferring poorly in immunoblot analysis. 
However, in flies that are co-expressing the chaperones, a large 
amount of the pathogenic protein is now SDS-soluble and 
detected as a monomeric protein by Western immunoblot (Fie. 
2£) (11). 

The degree of SDS-solubility strikingly correlates with patho- 
genicity of the protein — dHdji, which suppresses poorly, shows 
U^tle or no change in monomer, despite high levels of coex- 
pressed chaperonc. These data suggest that the properties of the 
pathogenic protein have changed in the presence of the chap- 
erones. Potentially, the protein is being maintained in a more 
native or normal conformation, with toxic interactions being 
abated, seen as a change in SDS-solubility. 

Chaperone Suppression of a-Synudein Toxicity in a Drosophila 
Model lor Parkinson's Disease 

The demonstration that Drosophila can be used to model a 
human neurodegenerative disease by directed expression of the 
respective human disease protein opened the possibility of 
modeling human neurodegenerative diseases other than poly- 
glutamlne diseases in the fly. Indeed, directed expression of 
a-synuclein, a component of Lewy bodies and mutated in 
familial forms of Parkinson's disease, causes adult-onset degen- 
eration of dopaminergic neurons in Drosophila, thereby provid- 
ing a model for Parkinson's disease (Fig. 3) (10, 22). We have 
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fig. 3. o-Synudeln Lewy-body-like aggregates in flies and In Parkinson's 
disease patient tissue. CA and B) Brain sections through a 20-day-old fly 
expressing wild-type a-synuclein show Lewy-body-tlke aggregates In the cor- 
tex (arrow) and neuropil (arrowheads) that immunolabel for a-synuclein (4) 
and the fly stress-induced Hsp70 (B). (Cand D) Tissue from the substantia nigra 
of a patient with Parkinson's disease showing Lewy bodies and Lewy pathol- 
ogy that Immunolabel for a-synudein (Q and Hsp70 (D). The commonalities 
between fly and human suggest that chape rone activity may modulate human 
Parkinson's disease (see ref. 10). (Bar = 3 pm,) 

also determined whether we could apply the principles learned 
from chaperonc suppression of potyglutamine pathogenicity to 
the problem of protein toxicity of a-synuclein in Drosophila. 

When a-synuclein expression is directed to dopaminergic 
neurons in the Drosophila brain, select clusters of neurons show 
adult-onset progressive loss of cells. To define this cell loss, we 
prepared serial brain sections and immunostained for tyrosine 
hydroxylase expression, which selectively detects the dopami- 
nergic neurons. We then counted the number of dopaminergic 
neurons present in the dorsomedial (DM) and dorsolateral 
(DH) clusters in the adult fly over time. We found a consistent 
50% loss of dopaminergic neurons in the DM cluster, and a 
variable 0-50% loss of cells within the DL/-1 cluster (10). Normal 
cell numbers were present at eclosion of the adult fry from the 
pupal case, with the cells degenerating over 20 days of adult life. 
We did not see further loss of cells, indicating that by 20 days all 
of the cells sensitive to a-synuclein toxicity had degenerated. 
Moreover, we did not detect a difference in the toxicity of 
normal a-synuclein, or the two mutant forms A30P and A53T. 

In flies, normal a-synuclein and the mutant forms form 
abnormal Lewy-body-like and Lewy-neurite-like accumulations 
in the brain over time (Fig. 3). The Lewy-body-like aggregates 
appear as smaller, more loosely formed accumulations at 1 day, 
and become progressively larger by 20 days. As with human Lewy 
bodies, the fly Lewy-body-like aggregates immunolabel with 
antibodies to ubiquitin, indicating they may reflect accumulation 
of misfolded protein targeted for degradation by the protea- 
some. Most Parkinson's disease is sporadic and associated with 
accumulation of normal a-synuclein in Lewy bodies (2), consis- 
tent with the toxicity and Lewy-body-like formation by normal 
a-synuclein, in a manner similar to the mutant forms, in 
Drosophila. 

We then asked whether co-cxprcssion of Hsp70 had an effect 
on a-synuclein toxicity. We co-expressed human Hsp70 with 
a-synuclein and counted the number of dopaminergic neurons in 
the DM clusters, where we detect a consistent loss of neurons 
upon a-synuclein expression alone. 

Hsp70 had a dramatic effect to maintain dopaminergic neural 
numbers and prevent the degeneration of dopaminergic neurons 
(10). Whereas normally upon a-synuclein expression, 50% of 
neurons in the DM cluster were lost over 20 days in the adult, 
now all neurons were maintained over the 20-day period. This 
was the case upon expression of the wild-type a-synuclein, as well 
as the mutant forms A30P and A53T. We examined whether this 
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protection was accompanied by a change in formation of the 
Lewy-body-like aggregates; however, as with polyglutamrae de- 
generation, we detected no change. This result indicates that 
Hsp70 fully protects against a-synuclein toxicity, despite the 
continued presence of aggregates- The aggregates immunolabel 
for the exogenous Hsp70, however, indicating a potential direct 
interaction of the chaperone with oc-synuclein. We then asked 
whether there was a change in distribution of endogenous 
chaperones, and indeed we found that the aggregates immuno- 
label for the stress-induced form of fly Hsp70 (Fig. 3). This 
finding indicates that there might be an involvement of endog- 
enous chaperones, and potentially a stress response, in 
a-synuclein toxicity. 

Endogenous Chaperone Activity Plays a Role in o-Synuclein 
Toxicity In Drosophila and Potentially also In Parkinson's 
Disease 

To ask whether endogenous chaperone levels may normally help 
protect against a-synudein toxicity, the dominant-negative form 
of Hsc4 was co-expressed with the disease protein. This form of 
Hsc4 will interfere with endogenous activity of the Hsp70 family 
of chaperones, in effect lowering endogenous chaperone activity 
(19). In this situation, we noted an acceleration of a-synuclein 
toxicity. Whereas normally upon expression of a-synuclein, flies 
are born with the full complement of dopaminergic neurons in 
the DM clusters, in the presence of Hsc4.K71S, flies are born 
with a 50% loss of dopaminergic neurons. This cell loss did not 
progress further over time in the adult; rather, Hsc4.K71S 
accelerated the toxicity of a-synuclein to those cells sensitive to 
a-synuclein- However, we also noted that Hsc4JC71S has some 
toxicity to dopaminergic neurons when expressed in the absence 
of a-synuclein. The fact that a-synuclein and Hsc4.K71S are 
acting similarly with regard to dopaminergic neural loss indicates 
that the toxicity in both cases may share common mechanisms. 

To extend our findings back to the human disease condition, 
we asked whether Parkinson's disease was associated with a 
c|^nge in chaperone function. To do this, we immunostained 
patient tissue with antibodies to Hsp70 and its co-chaperone 
Hsp40. Indeed, Lewy bodies and Lewy neurites in disease brain 
immunolabel for the chaperones (Fig. 3). The significance of this 
finding is best evaluated in the context of the fry study: in 
Drosophila the abnormal inclusions of a-synuclein immunolabel 
for Hsp70 and up-regulation of Hsp70 activity by directed 
transgenic expression mitigates the toxicity. This finding suggests 
that it may be of value in Parkinson's disease to up-regulate 
chaperone function. 

Discussion 

Our initial and other subsequent studies have established Dm- 
sophila as a model genetic system to bring to bear in the arsenal 
of approaches toward the combat of human neurodegenerative 
disease (10, 12, 13, 20, 22-26). The striking homology of a large 
number of fly genes with human genes — indeed of entire gene 
pathways — indicates that fundamental properties of degenera- 
tion modeled in flies may be conserved in humans. Whereas the 
demonstration of the fly as an outstanding in vivo model for 
human neurodegeneration is significant, of great importance is 
the use of those models to. reveal disease mechanisms and 
pioneer ways to interfere in the disease process. 

The implication that chaperones may be of interest in such 
neurodegenerative diseases finds its roots in an even simpler 
model system than Drosophila— the yeast Saccharomyces cerevi- 
skte. Indeed, protein conformational changes relevant to human 
prion disease are found in yeast in the study of endogenous yeast 
p$ons such as Sup35 (27), where Hspl04 was described as a 
regulator of the prion state (28). The Drosophila studies establish 
that chaperone modulation can be applied to the nervous system 
in vivo in the context of neurodegeneration. 

1M10 | www.pnas f org/c^/doi/1D.1073/pnas,152330499 



In Drosophila, the chaperones are found to be potent modu- 
lators both of poryghitamine toxicity and of a-synuclein toxicity 
in models for human potyglutamine disease and Parkinson's 
disease. Not only does added chaperone activity prevent disease, 
but interfering with endogenous chaperone activity accelerates 
pathogenesis. This finding indicates that chaperone activity is 
central to the disease process, being modulated upon both 
up-reguiatkm and interference. Moreover, these studies in Dro- 
sophila for polygLutamine toxicity have been found to translate 
to mammalian models for potyglutamine toxicity. Up-regulation 
of Hsp70 in transgenic mice expressing the Ataxin-1 pathogenic 
potyglutamine disease protein leads to protection against be- 
havioral and cellular pathology (29). 

How are the chaperones modulating protein toxicity? Li vivo 
in flies, chaperones modulate the solubility properties of the 
poryghitamine protein concomitant with a modulation in the 
toxicity. However, no morphological change in the aggregates is 
detected. This is the case for both potyglutamine and a-synuclein 
toxicity. Studies of poryghitamine aggregation and protein sol- 
ubility in yeast remarkably parallel the fry findings, where 
chaperones modulate solubility but aggregates are still present 
(30). One possibility is that the chaperones are modulating the 
structure of the protein, and this is not visible in the large 
aggregates. Prefibriis or protofibrils may be the toxic entity (see 
refs. 31 and 32) — smaller chimps and mis conformations of the 
disease protein that precede or are independent of large, visible 
aggregates. Chaperones may be modulating these abnormal and 
toxic conformations, thereby preventing neurodegeneration. 
This conceivably can happen in the absence of an effect on large, 
visible aggregates, which are a different form of the disease 
protein, perhaps even inert or protective. 

Another possibility is that chaperones, by interacting with the 
disease protein, prevent abnormal interactions with other pro- 
teins in the cell that are causal in toxicity. However, clearly, just 
anything that, physically interacts with the disease protein ap- 
pears not to have an effect to suppress, as demonstrated by the 
dHdj2 studies for polyglutarnine disease. Whereas dHdj-2 is in 
association with the potyglutamine protein in the aggregates, as 
it co-localizes by inimunocytochemistry, it fails to suppress 
toxicity (11). 

Another possibility is that of chaperone depletion. Because of 
an abnormal or misfolded conformation, pathogenic disease 
proteins may cause cellular depletion of chaperone activity. 
Chaperones are required for the proper folding and function of 
many cellular proteins with diverse roles. Therefore, slow de- 
pletion of chaperones from the cellular milieu could lead to the 
failure of many cellular processes. 




Rg, 4. Interfering with endogenous chaperone activity causes a severely 
degenerate eye phenotype. CA) Expression of a dominant-negative form of 
Hsp70 causes loss of pigmentation and deterioration of eye structure, similar 
to the expression of the polyglutarnine protein in flies (see Fig. 1Q. The 
genotype of the fly was w; gmr-GAL4 UASMsp70.K71E. (fl) Normal fry eye for 
comparison. 



Bonlnl 



££/2£ d 1900-2ZZ-619 



1900-ZZZ(6L9) 



The rote of chaperone depletion is intriguing because of the 
ability of chaperones to phenocopy aspects of disease protein 
expression. In the a-synudein studies, expression of Hsc4JC71S 
on its own caused some loss of dopaminergic neurons, indicating 
that dopaminergic neurons are sensitive to compromised chap- 
erone activity [also supported by other studies of a-synudein and 
Parkinson's disease-associated proteins (33, 34)]. In the studies 
of the Hsc4JC71S transgene in flies, Elefant and Palter (19) 
noted that in some situations the protein was toxic, inducing a 
misfolded protein response accompanied by a degeneration 
reminiscent of neurodegenerative disease. We have also found 
that expressing Hsp70JC71E in the eye causes an external eye 
phenotype strikingly similar to the poryghitamine disease phe- 
notype (Fig. 4). These studies suggest that compromising chap- 
erone levels alone is phenotypically similar to the pathogenic 
actions of polyglutamine and a-synuciein proteins, indicating 
that chaperone interference is a major contributing factor to 
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neurodegeneration. Ceil specificity differs between polyglu- 
tamine and a-synudein toxicity, with pathogenic polyglutamine 
protein appearing to be much more generally toxic in Drosophila 
than a-synuciein. However, this observation could be explained 
by cellular differences in the chaperone response to the specific 
protein in different tissues. 

With the ever-accelerating development of fry models for 
various human neurodegenerative diseases, and tremendous 
interest m such models for both standard generic and pharma- 
cological approaches, Drosophila may reveal new cures and 
treatments of relevance to human neurodegeneration, including 
polyglutamine and Parkinson's diseases. 
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Suppression of polyglutamine-mediated neurodegeneration 
in Drosophila by the molecular chaperone HSP70 

John M. Warrick 1 , H.Y. Edwin Chan 1 , Gladys L, Gray-Board 1 , Yaohui Chai 2 , Henry L. Paulson 2 
ck Nancy M. Bonini 1 



At least eight inherited human neurodegenerative diseases are 
caused by expansion of a polyglutarntne domain within the 
respective proteins 1 ' 2 . This confers dominant toxicity on the pro- 
teins, leading to dysfunction and loss of neurons. Expanded 
polyglutamine proteins form aggregates; including nudear 
inclusions (Nl), within neurons, possibly due to mlsfolding of the 
proteins*" 5 . Nl are ubiqurtinated and sequester molecular chap- 
erone proteins and proteasome components 0 " 6 , suggesting that 
disease pathogenesis includes activation of cellular stress path- 
ways to help refold, disaggregate or degrade the mutant dis- 
ease proteins. Overexpression of specific chaperone proteins 
reduces polyglutamine aggregation In transfected cells 7 " 9 , but 
whether this alters toxidty Is unknown. Using a Drosophila 
mefanogaster model of polyglutamine disease 10 , we show that 
directed expression of the molecular chaperone HSP70 sup- 
presses pol yg I uta mine-Induced neurodegeneration In vivo. Sup- 
pression by HSP70 occurred without a visible effect on Nl 
formation, indicating that polyglutamfne toxicity can be dissoci- 
ated from formation of large aggregates. Our studies indicate 
that HSP70 or related molecular chaperones may provide a 
means of treating these and other neurodegenerative diseases 
associated with abnormal protein conformation and toxicity. 
Machado-Joseph disease (MJD), also known as spinocerebellar 
ataxia type 3, is the most common dominantty inherited progres- 
sive ataxia caused by porygiutamine expansion 11 ' 13 . Expression 
of a truncated form of the human MJD protein with an expanded 
polyglutamine domain causes progressive neural degeneration in 
mouse transgenic models 1 * and in Drosophila 10 . In polygluta- 
mine diseases, including MJD, abnormal protein aggregation is 
observed* typically as Nl (refs 3-5). In Drosophila, mutant MJD 
protein also forms Nl (re£ 10). We addressed the ability of chap- 
erone proteins to modulate polyglutamine disease in vivo by first 
determining whether the major stress- induced molecular chap- 
erone in the fly, HSP70, associated with mutant polyglutamine 
protein in our Drosophila model of potyglutamine disease. 

We expressed protein using the GAL4/UAS system 15 . When 
expanded potygiutamiae protein (MJDtr-Q78) is directed to the 
fly eye with the glass multiple reporter (GMR) element, expression 
begins at the morphogenetic furrow, the first major differentiation 
event of fly eye development 16 . MJDtr-Q78 protein is cytoplasmic 
upon initial expression in cells near the furrow, but the protein 
undergoes aggregation to form prominent Nl as differentiation 
proceeds toward the posterior of the eye field 10 . The control pro- 
tein, with a normal polyglutamine repeat (MJDtr-Q27j, remains 
cytoplasmic and does not form aggregates. Co-labelling for HSP70 
in controls indicated a low level of cytoplasmic staining that was 
unchanged from that in normal eye discs (Fig. la-c). In contrast, 
eye fields of larvae expressing the mutant protein, MJDti-Q78, 
showed HSP70 staining localized to the Nl (Fig. He). Under stress 
conditions, HSP70 is thought to prevent aggregation or assist in 



the refolding of misfolded protein 17 . Our data indicate that mutant 
polyghitamine protein is recognized as abnormal by the cells, as 
evidenced by k>calization of HSP70 to the NL 

These studies implicated HSP70 in the response in vivo to 
mutant polyglutamine protein. We next addressed whether over- 
expression of HSP70 alters toxicity of the disease protein. We 
made transgenic flies bearing the human gene encoding HSP70 
UAS-HSPAlLCref 1 8 ). Hiunan HSPA1L (encoded by HSPA1L) is 
highly homologous to fly HSP70 (74% identical, 85% similar at 
the protein Level); we anticipated that HSPA1L would function in 
vivo in Drosophila. 

When we compressed HSPA1L with MJDtr-Q7B, HSPA1L 
suppressed polyglutamine- induced degeneration (Fig. 2). Nor- 
mally, MJDtr-Q78 causes severe degeneration, resulting in loss 




Fig. 1 Drosophila HSP70 localizes to nudear inclusions. Confocal images are 
shown of the eye portion of eye-antenna I imagine! discs from third Instar lar- 
vae, stained with antibodies to detect Drosophila HSP70 (a,ce) and pofygluta- 
mine protein (b,oX Eye development progresses from posterior to anterior 
across the eye field of the disc, such that the d fee presents a temporal sequence 
of development with older cells toward the posterior tip (left), ov Wild-type eye 
disc showing fly HSP70 expressloa A tow level of cytoplasmic expression was 
seen. b,c Eye disc from a larva expressing the control pciygtutamine protein 
MJDtr-Q27, stained for expression of the potyghitamine protein (a) and HSP70 

(c) . Mo change In H5P70 expression was observed. Larvae were of genotype w, 
GMR-GAU/UAS-MJDtr-Q27. d,e, Eye disc from a larva expressing the expanded 
polyglutamine protein MJDtr-Q78, immunostained for polyglutamine protein 

(d) and HSP70 (e). The expanded polyglutamine protein forms rfl; HSP70 is 
localized to the Nl. in the younger part of the eye field toward the furrow, 

newly formed Nl ware occasionally observed that did not label for HSP70 

(arrows), whereas in more mature ceOs toward the posterior of the disc all Nl 
labelled for HSP70. Larvae were of genotype w, GM R-GAl4/UAS-MJDtr-Q78(S). 
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Fig, 2 HSP70 suppresses potyglutamine- induced neu- 
rodegeneration In vivo. Eyes la-d) and retinal sections 
(e,f) of files expressing expanded por/glutamine protein 
and human HSPAl L are shown. «,e. Control fly express- 
ing only the promoter transgene. GMR-GA1A The eye b 
normal. Hies were genotype w, <5MR-GAL4/+, b,f, Hies 
expressing HSPA1L. Eye structure appears grossly normal. 
More detailed analysis revealed abnormalities in nuclear 
position and photoreceptor rhabdomere morphology 
when HSPA1L is expressed by G MR-GALA FBes were 
genotype w, GMR-GAL4/UAS-HSPA1L eg. Flies express- 
ing the expanded porygtutamtne protein MJDtr-Q7& 
These flies have degenerate eyes that lack pigment and 
show severe loss of retinal structure. Piles were genotype 
w, GMR-GAU/U A5-MJDtr-q78. djt. Flies expressing both 
MJDtr-Q78 and HSPA1L Co-expression of HSPA1L ame- 
liorates the degenerative effects of MJDtr-Q7& The eye 
appears normal externally. Intern a Hy. eye structure is 
largely restored, although photoreceptor rhabdomere 
specializations are not made. Flies were genotype w, 
GMR-GAL4 UAS-M JDtr-Q7a(S)AJAS-H5PA1 L Control ex- 
periments showed lade of suppression of the MJDtr-Q78 
degeneration by other transgenes {/«/) and lack of an 
effect of HSPA1L on the GAL4/UAS expression system by 
immunoblot analysis. Flies co-expressing both MJDtr-Q78 
and a human cytoskeletal protein Tau (C or a develop- 
mental protein Eya 0) showed no modification of the 
degeneration phenotype (c), demonstrating that co- 
expression of two tnvugenes by a single GAW promoter 
(tna has no effect on phenotype. An additional transgene 
tested was the cellular regulator yan. We also tested 
whether co-expression of the UAS-MJOtr-Q78 transgene 
would ameliorate the late-lethal phenotype of directed 
kfller gene activity rpr and hf&. in neither case was the 
lethal phenotype modified (data not shown). Indicating 
co-expression of two transgenes by a single GAL4 pro- 
moter does not alter expression levels, FUes were geno- 
type w m G MR-GAM UAS-MiDtr-Q78<S)AJA$-htau or 
UAS-eya. k, Western immunoblot analysis of protein lev- 
els fn flies expressing the control protein MJDtr-Q27 
alone (- lanes) or with HSPA1L (+ lanes). Left MJEHM327 
protein, detected with an antibody against the HA tag. 
The expression levels are similar in both samples. Right, 
the exogenoudy expressed human HSPA1L protein. HSPAl L is present only in the v sample. Bottom, loading controls showing similar levels of ^tubulin detected 
per lane. FBes were genotype w, GMR-GAM/UA$-MJDtr-Q27 (-lanes) and w, GMR-GAL4 UAS-HSPA1LflJAS-MJDtr-Q27 1+ fanes). 




of the retina. With co-expressed HSPA1L, however, external eye 
pigmentation was completely rescued (Fig. 2c y d). Sectioning of 
the brain revealed that retinal structure was partially restored 
(Fig. 2g,h). The disease phenotype was suppressed to a greater 
extent in flies expressing moderate or weak levels of expanded 
polyglutamine protein, as more of the eye structure was 
restored* including specializations. 

We addressed specificity of HSPA It suppression with a number 
of control studies. First, co-expression of any additional transgene 
with MJDtr-Q78 did not have an effect on the phenotype, indicat- 
ing that suppression of degeneration is not due to co-expression 
of two transgenes, rather than one, by a GALA promoter (Fig. 2iJ). 
Second, co-expression of HSPAl L did not modify the disrupted 
eye phenotype caused by expression of other proteins with the 
GAL4/UAS system, including the cytoskeletal protein MAP2C 
and the developmental protein Eyeless (data not shown). Addi- 
tional studies indicated that HSPA1L does not function as a sur- 



vival factor in known DrosophiJa apoptotic pathways because 
there was no modification of killer gene activity. Third, we 
detected no difference in MJDtr-Q78 expression levels by 
nnmunocytochemistry in the presence or absence of co-expressed 
HSPA1L (Fig. 4). Quantitative expression analysis of the control 
protein MJDtr-Q27 (which does not form aggregates, allowing 
accurate western-blot analysis) also revealed no change in trans- 
gene expression despite co-expression of HSPA1L (Fig. 2k). These 
studies indicate that suppression of degeneration by HSPA1L is 
due to suppression of rx>lygktemme protein toxicity, and not a 
nonspecific effect of HSPA1L on the GAL4/UAS system. 

To address whether HSPA1X modulated polyglutamine- 
induced toxicity broadly within the nervous system, we targeted 
expression of MJDtr-Q78 to all neurons with an ElAV promoter 
line 19 . This normally resulted in complete lethality or early adult 
death (Table 1). But with HSPA1L co-expression, toxicity was 
diminished such that adult viability was partially restored 



Table 1 « HSP70 diminishes porygltitamine protein toxicity in the nervous system 



Elav alone 
Elav+HSPAIL 



MJDtr-Q78 expression 

Strong 
0% survival 
2% male survival 
30% female survival 



Moderate 

males begin to die at 4 d; 50% death at 6 d (range 4-9 d) 
mates begin to die 9 d; S0% death at 15 d (range 9-20 d) 



Elav, ELAV-GAL4; HSPA1 L, UAS-HSPA1 L. MJDtr-Q78 flies bear Insertions U A5-MJDtr-Q78C) for strong expression and UAS-MJDtr<J7a<M) for moderate expression. 
Expression levels have been quantified by Immunocytochemistry, and correlate with the phenotype 10 , 
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Rg. S HSP70 slows progressive degeneration of the nervous system. Tangential 
sections of the eyes of four-day-old flies bearing the ELAV-GAU promoter line, 
which targets expression to alt neurons, a. Control fly, bearing only the trans- 
gone for the promoter element ELAV-GAL4. The eye shows the normal, highly 
regular pattern of photoreceptor cell rhabdomerw surrounded by the pigment 
lattice. Fly was genotype w ELAV-GAU. b, Fly expressing expanded polygluta- 
mfeie protein. The eye snow* progressive degeneration, seen as disruption of 
the highly regular rhabdomere pattern, flies at one day have a less disrupted 
photoreceptor pattern 10 , compared with four-d ay-old files shown here, indicat- 
ing that the degeneration b progressive. Fly was genotype w ELAV*GAL4; UAS- 
MJDtr-Q78(M). c Fly co-expressing expanded potygtutamine protein and 
HSPAlLThe eye shows little degeneration, retaining the highly regular omma- 
tldiaf lattice, compared with expression of the expanded polyglutamine protein 
alone in (b). Fly was genotype w ELAV-GAL4; UAS-MJDtr-Q78(M)AJAS-HSPAlL 



(Table 1). Moreover, adult flies expressing moderate levels of 
MJDtr-Q78 usually live less than 2 weeks, with 50% dying by 6 
days t but with co-expressed HSPA1L these flies lived approxi- 
mately twice as long (Table 1 ( column 2). Sectioning of the eyes to 
examine neural structure revealed that HSPA1L not only 
extended lifespan, but also slowed progressive degeneration 
(Fig. 3). These data indicate that HSPA1L overexpression amelio- 
rates toxicity of expanded polyglutamine protein when expressed 
selectively within the eye or broadly within the nervous system. 

A characteristic of expanded polyglutamine proteins is that 
they form Nl, although the relationship of aggregates to disease is 
uncertain 20 - 21 . We thus addressed whether HSPA1L suppression 
of protein toxicity was accompanied by a change in aggregate for- 
mation. To do this, we immunostained eye discs of larvae 
expressing MJDtr-Q78 alone, or M]Dtr-Q78 and HSPA1L. Nor- 
mally, NI are prominent in developing cells of larvae expressing 
MJDtx-Q78 (Fig, 4a). With co-expressed HSPA1JU NI remained 
prominent with no differences in onset, size or number (Fig. 
4ajr). Most of the ectopic HSPA1L was cytoplasmic, but a frac- 
tion was recruited to the NI (Fig. 4b-e)> similar to endogenous fly 
HSP70 (Fig. 1). The exogenous chaperone co-localization of 
MJDtr-Q78 protein in vivo is consistent with the possibility that 
HSPA1L dirninishes toxicity, at least in part, by direct interaction 



with the disease protein. These data support previous findings 
indicating that NI formation per se may not be causally linked to 
disease 20 -". In the suppressed situation, however, recruitment of 
exogenous HSPA1L to the Nl may neutralize or diminish possi- 
ble deleterious effects of aggregates. 

The ATPase activity of HSP70 is essential to its functions in 
modulating protein folding and aggregation 17 . We addressed 
whether HSP70 normally has a role in mitigating polygluta- 
mine disease using a fly line bearing a mutant form of the major 
constitutive!/ expressed fly hsp70, hsc4, with an amino acid sub- 
stitution in the ATP-binding domain 22 (UAS-HSC4.K71S). This 
transgene produces a protein that interferes in a dominant-neg- 
ative manner with normal HSC4 chaperone activity in vitro and 
in vivo 22 . Expression of HSC4.K71S had no effect itself when 
expressed by GMR-GAL4, but it did potentiate polyglutamine- 
mediated degeneration (Fig. 5). These data suggest that 
endogenous activity of HSP70 molecular chaperones normally 
serves to mitigate deleterious effects of the mutant protein in 
the transgenic fly model Potentially, such endogenous chaper- 
one activity protects cells from continued exposure to abnor- 
mal polyglutamine protein, contributing to the late-onset 
nature of the phenotype. 

We have shown that a molecular chaperone modulates neuro- 
toxicity in vivo in a Dmscphtta model of human polyglutamine 
disease. Our data demonstrate normal association of HSP70 with 
mutant disease protein, suppression of disease pathology by 
overexpressing HSPA1L and enhancement of disease pathology 
by a dominant-negative form of a constitutive DrosophUa HSP70, 
HSC4. The potential for molecular chaperones to modulate dis- 
ease pathology has been suggested by their ability to modify pro- 
tein aggregation 7 " 9 * 23 * 24 . We have demonstrated that added 
expression of a molecular chaperone in vivo suppresses neurode- 
generative disease, but suppression occurs in the absence of an 
observable effect on protein aggregation. Thus, ridding the cell of 
NI does not appear to be the mechanism by which HSP70 miti- 
gates protein toxicity. Our co-localization studies suggest a direct 
interaction of HSP70 with polyglutamine protein in vivo, 
although HSP70 may exert its effects through modulation of 
other cellular pathways, and the response may include other mol- 
ecular chaperones, such as HSP40. Given the similarity of polyg- 
lutainine-disease features between flies and humans 10 * 25 , our 
findings suggest that modulation of chaperone activity may be of 
therapeutic benefit Because many different human neurodegen- 
erative diseases appear due to toxic protein structures 26 " 29 , these 
findings may be applicable to other human neurodegenerative 
disorders as welL 



Fig. 4 Nl formation in flies expressing polygluta- 
mine protein and HSPA1L Immune fluorescent 
images of eye tmaglnal discs. Polyglutamine pro- 
tetn was detected with antibody to HA (a,b,d); 
HSPA1 L detected with antibody to human HSP70 
(ce). The onset of transgene expression begins at 
the furrow (a-c, white arrow), older cells to the 
left 4, Nl formation In developing eye caffs of 
flies expressing MJDtr-Q78. At the onset of trans- 
gene expression at the furrow {arrowX the pro- 
tein Is cytoplasmic With time, the protein forms 
prominent Nl. Larva was genotype w, GMR- 
GAJUAJAS-MJDtr-Q78(S). 6-e, Eye disc of larvae 
co-expressing polyglutamine protein and HSPA1U 
double-labelled for polyglutamine protein (b,d) 
and HSPA1L (c«). Nl are rtifl prominent (cd). 
Some HSPA1 1_ localized to Nt, but much of the cel- 
lular HSPA1L protein remains diffusely cytoplas- 
mic <ce). Larvae were genotype mc G MR-GAM 
UAS-MJDtr^78(s)AJAS-HSPA1L d,e. Twofold 
higher magnification views of (b) and (c), respec- 
tively. Arrow highfights Nl co-labelled for polyglu- 
tamine protein and HSPA1L 
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Fig. S A dominant-negative form of a cortstftutively expressed cytoplasmic fly 
HSP70 enhances potyglutamine disease, a. Fry expressing the constitutive form 
of HSP70, HSC4, with a dominant* negative mutation in the ATPase domain 
that inhibits ATPase activity 22 . No effect on the eye Is observed, flies were 
genotype w, GMR-6AL4/UA5-HSC4.K71S. b, Fry with weak expression of MJDtr- 
Q78. On mild expression of the expanded potyglutamine protein, external eye 
structure is norma try only mod est fy disrupted. Files were genotype w, GMR- 
GAU UAS-MJDtr-Q7B(Vv)/4-. c, Flies co-expressing potyglutamine protein 
weakly and mutant HSC4 show enhanced eye degeneration (c). Co-expression 
of MJDtr-078 strongly with Hsc4.K7l$ was fully lethal (data not shown). Flies 
were genotype w; G MR-GALA UAS-MJDtr-Q78CW>AJAS-Hsc4X71S. 



Methods 

Drosophila genetics. Fly culture and crosses were performed at 25 °C fol- 
lowing standard protocols. Fly lines bearing UAS-MJDtr-Q27 and UAS- 
MJDtr-Q78 transgenes have been described 10 . Transgenic flies expressing 
human HSPA1L were made by subcloning the cDNA (ref. 18) into the 
pUAST transformation vector 15 . We generated transgenic lines following 
standard procedures 50 . We obtained fly lines bearing GMR-GAL4, ELAV- 
GAL4 (line C155), UAS-htau and UAS-Map2c from Drvsophila stock cen- 
tres. Fly lines bearing UAS-yan (EP598) were a gift from G. Rubin. Fly lines 
bearing UAS-eyelcss were a gift from W. Gearing. Fly lines bearing UAS- 
HSC4JC7 IS were a gift from K. Falter. Lines expressing cell -death genes hid 
and Tpr were gifts from H. Stefler, K. White and J. Abrams. In DroscphUa, 
HSPAIL expression had a minor effect on nuclear position within the reti- 
na, resulting in a broadened distribution of nuclei This appears to be an 
effect on the accessory cells of the eye that also express GMR and not the 
neurons because eye morphology was normal when HSPAIL expression 
was directed selectively to neurons with ELAV-GAL4. Crosses (Table 1) 
were performed by mating females homozygous for ELAV-GAL4 to males 
bearing the UAS-MJDtr-Q78 insertion and UAS-HSPA1L as required in 
trans to balancer chromosomes. Moderate expression of MJDtr-Q78 did 
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not have an effect on the number of adult Mies that emerge compared with 
control crosses. At least 300 flies were scored per cross, except for strong 
expression of MJDtr-Q78 by ELAV-GAL4 alone, which is lethal ELAV- 
GAL4 is on the X chromosome, thus expression of ELAV-GAL4 in males is 
twice the level of that in females due to dosage compensation. 



Microscopy, mununohistochemistry and immunoblot anarysia. Eye discs 
were dissected and stained with antibodies as described 10 . We detected 
hemagglutinin (HA) -tagged polyglutamine protein with a rabbit polyclon- 
al antibody to haemagglutinin (Y-U, 1200, Santa Cruz). Drosophfa H5P70 
protein was detected with a monodonal antibody to the fly protein (MAB- 
007, 1:200, Affinity BioReagents). We detected HSPAIL with an antibody 
specific to the human protein (SPA812, 1200, StressGen). Secondary anti- 
bodies were conjugated to fluorescein (1*500) or Texas Red (1:50, Jackson 
ImmunoResearch). Confbcal microscopy was performed on a Leka model 
TCS SP ultraviolet and visible confbcal imaging spectrophotometer micro- 
scope. For light microscopic sections, adult heads (0-1 day old) were fixed 
in paraformaldehyde and embedded in epon tor horizontal sections ( L um), 
then stained with toluidine blue and methylene bine as described 10 . 



Immunoblot analysis. We solubilixed 30 fly heads of the appropriate geno- 
types in Laemmli buffer (130 pi). Samples (20 ul per lane) were separated 
by standard polyacrylarnide techniques (12% acrytamlde gels), 
immunoblotted and detected as described 5 , except that ECL reagent was 
from Amer&ham. Bbts were re-probed after stripping according to manu- 
facturer's suggestions by incubating at 55 °C for SO mm. We used anti-HA 
(12CA5, 1:3,000; Boehringer), anti-H-HSP70 ( 1: 10 t 000) and anti-p- tubu- 
lin (E7, 1:1000; Developmental Studies Hybridoma Bank) antibodies. Sec- 
ondary antibodies were goat anti-mouse and goat anti-rabbit coupled to 
HRP (1:4,000, Boehringer). 
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Huntington's disease (HD) Is an autosomal dominant neurodegen- 
erative condition caused by expansions of more than 35 uninter- 
rupted CAG repeats in exon 1 of the hurrtingtin gene. The CAG 
repeats fn HO and the other seven known diseases caused by CAG 
« co don expansions are translated into long potyglutamfne tracts 
that confer a deleterious gain of function on the mutant proteins. 
Intra neuronal Indusions comprising aggregates of the relevant 
mutant proteins are found in the brains of patients with HD and 
related diseases. It Is crucial to determine whether the formation 
of Indusions is directly pathogenic, because a number of studies 
have suggested that aggregates may be epiphenomena or even 
protective. Here, we show that fragments of the bacterial chap- 
erone GroEL and the full-length yeast heat shock protein Hsp104 
reduce both aggregate formation and cell death in mammalian ceil 
models of HD, consistent with a causal link between aggregation 
and pathology. 

Huntington's disease (HD) is an autosomal dominant neu- 
rodegenerative condition associated with abnormal move- 
ments, cognitive deterioration, and psychiatric symptoms. The 
causative mutation is a (CAG)n trinucleotide-repeat expansion 
of more than 35 repeats, which is translated into an abnormally 
long polygiutamine tract in the huntingtin protein (reviewed in 
refc. 1 and 2). 

HD is a member of a family of neurodegenerative diseases 
caused by CAG/polyglutamiiie expansions, which include spi- 
nobulbar muscular atrophy (SBMA), spinocerebellar ataxias 
(SCA) types 1, 2, 3, 6, and 7, and dentatorubral-pallidoluysian 
atrophy (DRPLA). All diseases are dominantly inherited (except 
for SBMA, which is X-Unked). In all cases, age at onset correlates 
•inversely with repeat number (reviewed in ref. 2). The polyglu- 
Jtamine expansion mutation causes disease by conferring a novel 
.{deleterious function on the mutant protein, and the severity 
correlates with increasing CAG repeat number and expression 
levels in transgenic mice (3) and in cell culture models (4). 

Although each of these diseases is associated with specific 
regions of neurodegeneration (which, in some cases, overlap), 
they probably are caused by similar pathological processes. A 
hallmark of many of these diseases, including HD (5), SBMA (6), 
DRPLA (7), and SCA types 1 (8), 2 (9), 3 (10), 6 (11), and 7 (12), 
is the development of intracellular protein aggregates (inclu- 
sions) in the vulnerable neurons. A pathological role for inclu- 
sions is suggested by the correlation of the number of inclusions 

in the cortex of HD patients with CAG repeat number, which 
reflects disease severity (13). Inclusion formation precedes 
neurological dysfunction in some HD transgenic mice (14) and 
is associated with predisposition to cell death in cell culture 
models of HD (15-17), DRPLA (18), SBMA (19), SCA3 (10), 
andSCA6(ll). 



The hypothesis that inclusions have a direct pathogenic role in 
these diseases has been challenged by experiments reporting a 
dissociation between cell death and inclusion formation in 
primary cell cultures; inhibition of ubiquitination was associated 
with decreased aggregate formation but more cell death (20). 
These findings were not straightforward, because inhibition of 
ubiquitination also increased apoptosis in cells expressing wild- 
type (wt) huntingtin constructs and others have suggested that 
these data still may be compatible with a pathogenic role for 
huntingtin polymerization (21). Klement and colleagues (22, 23) 
suggested that inclusions may not be pathogenic, because dele- 
tion of the self-association domain from a SCA1 transgene with 
expanded repeats prevented the inclusion formation seen in 
mice expressing full-length mutant SCA1 transgenes, but both 
mouse models developed a SCA-like phenotype. Perutz (21) 
argued that this conclusion was unwarranted, because deletion of 
these 122 residues would turn the protein into a random coil. 
Thus, the experiment shows that Purkinje cell expression of 
denatured, truncated ataxin-1 gives rise to ataxia. One cannot 
argue that this effect was related to the poryglutamine expansion, 
because no data were presented for mice expressing wt polyghi- 
tamine lengths in ataxin-1 with deletion of the self-association 
domain. Recently, Cuirirnings et al. (24) showed that loss of 
function of the E6-AP ubiquitin Jigase reduced the formation of 
nuclear inclusions but accelerated polygmtamine-induced pa- 
thology in SCA1 mice. Although these data suggest that large, 
visible inclusions may not be required for cell death, the authors 
considered other possibilities that are compatible with a patho- 
logical role for inclusions. The loss of E6-AP activity may not 
have had a direct effect on the ubiquitination and clearance of 
ataxin-1 (24) but may have increased the half-lives of many other 
cellular proteins, which, at abnormally high steady-state levels, 
may have enhanced the cellular sensitivity to the SCA1 mutation 
(or aggregates). 

Polyglutamine (poIyQ) diseases have been studied extensively 
by using exon 1 fragments of huntingtin, because large fragments 
of the HD, SCA3, and DRPLA gene products do not induce 
inclusion formation or cell death in cell culture models (10, 15, 
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16, 19). A small N-tcrminal poiyQ-containtng part(s) of hun- 
tingtin is found in inclusions in vivo (5), but the exact nature and 
role of this fragment(s) is unclear. Although exon 1 models may 
not be specific for HD, they are powerful tools for studying 
inclusion formation in relation to cell death/dysfunction in 
cultured cells and transgenic mice. We have used cell models of 
HD comprising an exon 1 fragment with varying CAG repeat 
lengths tagged at the N terminus with enhanced green fluores- 
cent protein (EGFP) (4, 17). This model, like other published 
cell models (15, 16, 19), shows many of the features observed in 
vivo: constructs with repeat lengths in the normal size range (23 
glutamines) do not aggregate, but constructs with 43 or more 
glutamines do aggregate and enhance cell death, and these 
phenotypes correlate with the duration and levels of transgene 
expression (4, 17). The deleterious effects of porygtutamine 
mutations have been observed in both neuronal (e.g., PC12) and 
nonneuronal (e.g., COS-7) cell lines, consistent with the notion 
that although neuronal ceil death and neurological symptoms are 
the cardinal features of these diseases, the mutations also can 
affect nonneuronal cells in humans and in mouse models 
(25-28). 

In this study we show that fragments of the bacterial 
chaperone GroEL and the full-length yeast heat shock protein 
(Hsp) Hspl04 reduce both aggregate formation and cell death 
in mammalian cell models of HD, consistent with a direct, 
causal link between aggregation and cell dysfunction/death. In 
addition, we show that a monomer comprising GroEL residues 
191-345 (29) and an artificial heptamer formed by seven 
copies of a GroEL minichaperone (residues 191-376) have 
chaperone activity in mammalian cells. Thus, we resolve 
another important debate (30, 31) by providing direct evidence 
that the large, central cavity of GroEL is not essential for its 
aggregate -reducing activity in vivo. Aggregate formation and 
cell death also were reduced by the K620T mutant of Hspl04, 
which impairs its oiigomerization in vitro (32). Thus, efficient 
oligomerization may not be an essential requirement for all 
JIspl04 functions, in a fashion analogous to the GroEL 
J91-345 monomer. 

Materials and Methods 

Plaimid Construction. MC7 was constructed by inserting a 
minichaperone GroEL into GxoES in the pRSETA vector (33). 
The DNA sequence encoding a part of the mobile loop of GroES 
(residues 16-33) was removed by PCR, as described (34), using 
the oligonucleotides 5'-TCC GGC TCT GCA GCG G-3' and 
5' TCC AGA GCC AGT TTC A AC TTC TTT ACG C-3\ 
creating a unique BamlU site (bold characters) and the vector 
pRSETA-GroESAloop. The groEL minichaperone gene [corre- 
sponding to the apical domain of GroEL, residues 191-376 (29)] 
was amplified by PCR by using primers containing a 5am HI site 
(underlined) 5'-TTC GGA TCC GAA GGT ATG CAG TTC 
GAC C-3' and 5'-GTT GGA TCC AAC GCC GCC TGC CAG 
TTT C-3' and cloned into the unique Bam HI site of pRSETA- 
GroESAloop vector, thus inserting the minichaperone 
GroEL(191-376) in-frame into the GroESAloop sequence. 

We PCR-amplified the genes encoding MC 7 , GroEL wt 
(full-length groEL), Hspl04 wt, and HspHM K620T from bac- 
terial expression vectors (pRSETA for the MC? and GroEL 
constructs and pGal for the Hspl04 constructs) and cloned them 
into the mammalian expression vector pCDNA 3.1/His B (In- 
vitrogen). To allow cloning into the corresponding sites in the 
pCDNA vector, the primers for the GroEL constructs had 
Bsu36l and EcaiRl restriction sites (for GroEL wt and MC?) 
incorporated in them and the primers for the Hspl04 constructs 
Jiad BamHl and Noil restriction sites incorporated in them. The 
;priraers were as follows: GroEL wt J&w36I, 5'-ACGTCCTA- 
! AGGATATGGCAGCTAA AG ACGTAA AATTC-3 ' ; GroEL 
wt EeoRl, 5 ' - ACGTGGATTCTTACATCATGCCGCCCAT- 
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GCCACC-3'; MC 7 Bsw36I, 5'ACGTCCTAAGGATAT- 
GAATATTCGTCCATTGCATGAT-3'; MC 7 EcoRl, 5'- 
ACGTGA ATTCTTACGCTTC AACAATTGCCAGAAT-3 ' ; 
Hspl04 .BamHI, 5 ' -ACGTGGATCCAATGAACGAC- 
CAAACGCAATTTAC-3 ' ; Hspl04 JVM, 5'-ACGTGCGGC- 
CGCTTAATCTAG GTCATCATCA ATTTCC-3 ' . 

ApGroEL (corresponding to the apical domain of GroEL 
residues 191-345) was released from pRSETA (29) with £coRI 
and BamHl (New England Biolabs) and subcloned into the 
respective restriction sites in the pCDNA 3.1/His B. All con- 
structs were validated by sequencing. 

The HD exon 1 constructs in pEGFP-Cl constructs have been 
described (4, 17). 

Cell Culture and Transection Experiments. COS-7 and PC12 cells 
were cultured, transfected, and fixed as described (4, 17). We 
used a 3:1 or 5:1 molar ratio of pCDNA 3.1/His B constructs to 
HD exon 1 construct DNA to ensure that all cells expressing HD 
exon 1 constructs also expressed the appropriate pCDNA 3.1/ 
His B construct. In all such experiments, we used a total of 2 
of DNA per 3.5-cm dish and kept the amount of the HD exon 
1 construct constant in test and control conditions. We analyzed 
between 300 and 600 EGFP -expressing cells per slide (blinded) 
in multiple, randomly chosen visual fields. The proportion of HD 
exon 1-expressing cells with one or more intracellular inclusions 
was used as a measure of inclusion formation, following Cum- 
mings et aL (35). Odds ratios and P values were deteraiined by 
unconditional logistical regression analysis, using the general 
log-linear analysis option of SPSS 9 software (SPSS, Chicago). 

For Western blotting, cell tysates were electrophoresed on 
15% denaturing gels, and an anti-His* mouse mAb (CLON- 
TECH) diluted 1:2,500 was used as the primary antibody. Blots 
were probed with horseradish peroxidase -labeled anti-mouse 
antibody (Amersham Pharmacia) and bands were detected with 
the ECL (enhanced cberniiuminescent) detection reagent (Am- 
ersham Pharmacia). 

Results 

Bacterial and Yeast Chaperone* Reduce Polyglutamlne Aggregation. 

In this study we have tested the effects of five molecular 
chaperone constructs on inclusion formation and cell death in 
cell models of HD. These included wt yeast Hspl04 (Hsp 104 wt), 
which reduces aggregation when overexpressed in yeast models 
of HD (36). No close mammalian homologues of this protein are 
known. Hspl04 wt was compared with the K620T mutation 
(Hspl04 K620T) in the second nucleotide-binding domain (32). 
This mutation impairs oligomerization in vitro, with only a partial 
reduction in ATPase activity (32). We examined the bacterial 
chaperonin GroEL (GroEL wt), a large complex comprising 14 
identical, *»57.5-kDa summits organized in a two-ring structure. 
We tested whether the large, central cavity of GroEL was 
essential for its chaperone activity by studying a monomeric 
minichaperone corresponding to part of its apical polypeptide - 
binding domain (residues 191-345) (apGroEL) (29). We also 
investigated the effect of placing seven copies of a GroEL 
minichaperone (residues 191-376) in a ring, which we called 
MC7. This mimics the organization of one of the rings of wt 
GroEL. MC7 was made by inserting GroEL residues 191-376 in 
the place of part of the highly mobile loop (residues 16-33) of 
the bacterial cochaperonin GroES (J. Chatellier, Fefgal Hill, and 
A.R.F., unpublished results). GroES forms a stable structure of 
seven «10.4-kDa subunits (37). When analyzed by both analyt- 
ical size-exclusion chromatography and analytical ultracentrifu- 
gation, recombinant MC7 formed heptamers comprising seven 
30-kDa subunits, and electron microscopic studies of MC7 
revealed a diameter similar to that of GroEL wt (O. Uorca, J. 
Chatellier, J.-L. Carrascosa, and A.R JF., unpublished data). The 
yeast and bacterial chaperone constructs described above were 
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Fig. 1. Suppression of Inclusion formation by apGroEL MC 7 , Hsp104 wt, and Hsp104 K620T In COS-7 (a and t) and PC12 (c and d) cells, tn all experiments, 
the odds ratios are derived from 2-4 independent experiments, each done In triplicate, where we have compared test constructs with pFLAG. (Error bars - 
95% confidence intervals for the odds ratios.) (a) COS-7 cells cotransfected with EGFP-HDQ74 and apGroEL and control plasmids. (b) COS-7 cells 
cotransfected with EGFP-HDQ53 and all test and control plasmids. (c) PC12 eel Is cotransfected with EGFP-HD74 and apGroEL and control plasmids. (d) PC12 
cells cotransfected with EGFP-HD74 and all test and control plasmids (except for apGroEL, which is shown in c). *,P<0.05; /><0.0G1; ***,/>< 0.0001; 
NS = P > 0.05. 



expressed from the mammalian expression vector pcDNA 3.1/ 
HisB; proteins of appropriate sizes from ly sates of transfected 
cells were detected by Western blotting by using an anti-His 6 
antibody (data not shown). 

The functions of GroEL wt, apGroEL* MC 7) Hspl04 wt, and 
Hspl04 K620T were investigated by cotransfecting each of the 
test constructs into either COS-7 or PC 12 (rat pheochromo- 
cytoma) cell lines with constructs expressing EGFP-tagged- 
exon 1 fragments of huntingtin with 53 or 74 glutamines 
(EGFP-HDQ53 and EGFP-HDQ74, respectively) (4 f 17). The 
empty pFLAG expression vector and a J domain-deleted form 
of the human Hsp40 homologue, HD J2 (called A450) (17, 35), 
were used as controls. A 3:1 or 5:1 molar ratio of chaperone 
(and control plasmid) to EGFP-HD exon 1 constructs was used 
to ensure that all EGFP-expressing cells also expressed the 
chaperone or control plasmid (38). Data from our experiments 
(each performed in triplicate on two to four occasions) are 
expressed as odds ratios, which are the proportions of EGFP- 
expressing cells with inclusions divided by proportions of 
EGFP-expressing cells without inclusions when cotransfected 
with the chaperones, divided by the same ratio, when cotrans- 
fected with the control plasmids. Odds ratios were considered 
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to be the most appropriate summary statistic, because the 
percentage of cells with inclusions under specified conditions 
varied between experiments on different days, whereas the 
relative change in the proportion of cells with inclusions 
induced by an experimental perturbation is expected to be 
more consistent (17, 38). 

We tested the effects of these chaperones at various time 
points (see Fig. 1). In general, we analyzed the EGFP-HDQ74 
construct at 48 h, where 40-50% of EGFP-positive cells had 
inclusions and 40-45% of EGFP-positive cells had fragmented 
nuclei when cotransfected with pFLAG. EGFP-HDQ53 was 
analyzed in the greatest detail at 72 h to allow sufficient 
formation of inclusions (30-40% of EGFP-positive cells had 
inclusions and 24-33% cells had fragmented nuclei when co- 
transfected with pFLAG). apGroEL, MC 7 , Hspl04 wt, and 
Hspl04 K620T significantly reduced the proportions of EGFP- 
positive cells with aggregates in both COS-7 and PC12 lines, 
compared with the control constructs (Fig. 1). The most pro- 
nounced effects were observed with MC7, where aggregation was 
reduced by 50% in PC12 cells and by 30% in COS-7 cells. 
apGroEL consistently and significantly reduced aggregation 
caused by EGFP-HDQ53 and EGFP-HDQ74, and effects were 
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where we have compared test constructs with pFLAG, (Error bars - 95% confidence intervals for the odds ratios.) *, P < 0.05; P < 0.001; ». P < 0.0001; NS - 
P>0.05. 



seen in both cell lines. GroEL wt significantly reduced inclusions 
in PC12 ceils, but the reduction was not significant in COS-7 
cells. A450 showed no difference in inclusion formation com- 
pared with pFLAG (Fig. 1). We previously have tested a large 
number of different proteins for their ability to modify aggre- 
gation in these cell lines, and virtually all of these have no effect 
or they enhance aggregation (17, 38). This confirms that the 
effects we have reported here are specific 

Bacterial and Yeast Chape rones Reduce Celt Death. Nuclear frag- 
mentation can be assessed accurately in polyglutamine disease 
models in COS-7 cells (17, 39, 40). Because PC12 ceils 
•transiently expressing EGFP-HDQ74 appear to have less 
obvious nuclear fragmentation, it is difficult to quantify this 
phenotype objectrvely in this cell line. We scored the propor- 
tion of EGFP-positive cells with fragmented nuclei in COS-7 
cells to determine whether a reduction in inclusion formation 
was associated with a reduction in cell death (Fig. 2). GroEL 
wt, ap GroEL, MC 7 , and both Hspl04 wt and Hspl04 K620T 
reduced the proportion of EGFP-positive cells with frag- 
mented vs. normal nuclei compared with the control plasmids. 
A450 did not modify cell death when compared with pFLAG 
(Fig. 2). 

We performed inimunocytochernical analyses in COS-7 cells 
coexpressing GroEL wt, apGroEL, MC7, or Hspl04 and EGFP- 
huntingtin mutant exon 1 fragments, because previous studies 
have shown that some heat shock proteins colocalize with 
polyglutamine inclusions (17, 35, 41). The chaperones used here 
did not colocalize with these polyglutamine inclusions (data not 
shown). 

Discussion 

Our data strengthen the case for a pathological role for 
aggregates in polyglutamine diseases, because our panel of 
bacterial and yeast chaperones reduced both aggregate for- 
mation and cell death in cell culture models of HD. We 
previously have reported that EGFP-HDQ74 -expressing 
COS-7 cells with inclusions showed significantly more nuclear 
fragmentation at 24, 48, and 72 h posttransfection compared 
with either EGFPrHDQ23-expressing cells or EGFP-HDQ74- 
expressing cells without inclusions, which had similar death 
rates (17). The same association between inclusion formation 



and cell death was observed when we generated intracellular 
aggregates with EGFP fused to 19-35 alanines and compared 
these cells with those expressing native EGFP or EGFP fused 
to 7 alanines, which did not aggregate (39). Previous studies 
have shown that the Hsp40 homologue HDJ-l (41) and the 
polyglutamine-bmding peptide QBP1 (40) reduce both inclu- 
sion formation and cell death in tissue culture models. It is 
possible that HDJ-l modifies cell death processes via pathways 
independent of its effects on aggregation formation, because 
it is a cochaperone of Hsp70, which may be able to directly 
modulate cell death pathways (42). Nagai et ai (40) suggested 
that QBP1 may exert its effect on cell death by inhibiting 
interactions of polyglutamine proteins with other molecules 
and that its aggregate-reducing effect consequently may be an 
epiphenomenon. These caveats to the link between aggrega- 
tion and death are extremely unlikely with the panel of 
chaperones that we tested, because these bacterial and yeast 
proteins are unlikely to impact directly on mammalian death 
pathways (independent of aggregation) and apGroEL, MC7 (J. 
Chatellier T Fergal Hill, and A.R.F., unpublished results), and 
Hspl04 all have chaperone activity in vitro (29, 32). 

It is notable that bacterial and yeast chaperones can function 
in mammalian cells, and the data from apGroEL and MO? 
inform the important debate relating to whether the large, 
central cavity of GroEL is essential for all aspects of its activity 
(30, 31). GroEL wt did not appear to be as efficient as the 
apGroEL and MC7 minichaperones, presumably because its 
activity w vitro and in vivo is GroES-dependent (29), in contrast 
to the minichaperones. This report of minichaperones directly 
reducing aggregation in mammalian cells suggests that the large, 
central cavity of GroEL is not essential for all of its activities and 
that the apical fragment can act independently of the microen- 
vironment fostered by the complex structure of native mul ti- 
me ric GroEL, as demonstrated previously in Escherichia coii and 
bacteriophage A. (33). Our findings that Hspl04 can act in 

mammalian cells complement the observations that this protein 
reduces polyglutamine aggregation and cell death in a Caeno- 
rhabditis elegans model that were published while we were writing 
this paper (43). Aggregate formation and cell death also were 
reduced by the K620T mutant of Hspl04, which impairs its 
oligomerization in vitro (32). Although transient oligomerization 
may occur in vivo, Hspl04 may not require efficient oUgomer- 
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ization for all of its functions, in a manner analogous to the 
GroEL(191-345) monomer. 

Although our results support a pathological role for inclu- 
sions, they are not necessarily incompatible with previous data 
(20, 22-24), because it is possible that mutant forms of these 
proteins also may be toxic in the absence of visible aggregation. 
Because these chaperones reduce cell death, they may provide 
the basis for therapeutic strategies not only for polyglutamine 
diseases, but also for more common neurodegenerative con- 
ditions associated with protein aggregation, including forms of 

1. The Huntington's Disease Collaborative Research Group (1993) CeU 72, 
971-983. 

2. Rubinsztein, D. C, Wyttenbach, A. & Rankin, J. (1999) / Med. Genet. 36, 
265-270. 

3. Davies, S. W., Tarmaine, M., Cozens, B. A., DiFiglia, M, Sharp, A. H., Ross, 
C A., Scherzinger, R, Wanker, E. E., Mangiarini, L. & Bates, G. P. (1997) CeU 
98, 537-^48. 

4. Narain, Y., Wyttenbach, A., Rankin, J., Furlong, R. A. & Rubinsztein, D. C 
(1999) J. Med. Genet. 36\ 739-746. 

5. DiFiglia, M., Sapp, H, Chase, K. O., Davies, S. Bates, G, P., Vonsattel, J. P. 
& Aronin, N. (1997) Science 277, 1990-1993. 

6. Li, M. T Miwa, S, Kobayashi, Y., Merry, D. R, Yamamoto, Tauaka, F„ 
Doyu, M-, Haahizume, Y„ Fischbeck, K. H. & Sobue, G. (im)Ann. Neurol 
44, 249-254. 

7. Igarashi, S., Koide, Shunohata, T., Yamada, M., Hayashi, \ n Takano, H., 
Date, IL, Oyake, M., Sato, X, Sato, A^etal. (1998) Nat. Genet. 18, 111-117. 

8. Skinner, P. J., Koshy, B. T„ Cummings, C. Klement, L Heiin, K,, 
; i Servadio, A, Zoghbi, H. Y. ft Orr, H. T. (1997) Nature (London ) 389, 971-974. 
: 9. Koyano, Ucrahara, T., Fmigasaki, H„ Yaglshata, S. & lwabuchi, K. (1999) 

Neuroscl Lot. 273, 117-120. 

10. Paulson, H. i-, Perez, ML Trottier, Y., Trojanowski, J. Q., Subnunouy, S. H., 
Das, S. S., Vig, P., Mandet, J. L, Fischbeck, K H & Pittman, R. N. (1997) 
Neuron 19, 333-334. 

11. ishikawa, K., Fujigasaki, R, Saegusa, HL, Ohwada, K, Fujita, T„ Iwamoto, H_, 
Komatsuzaki, Y., Torn, S., Torfyama, H., Watauabe, M., et at. (1999) Hum. 
Mol Genet 8, 1185-1193. 

12. HoUnberg, M, Duyckaerte, C, Durr, A., Cancel, G„ Gourfinkel-An, L, 
Damier, P., Faucheux, a, Trottier, Y„ Hirsch, E. C, Agid, Y.etal (1998) Hum. 
Mol. Genet. 7, 913-918. 

13. Becber, M W., Kotzuk, J. A, Sharp, A. H„ Davies, S. W M Bute*, G. P., Price, 
D. L. & Ross, C. A, (1997) Neurobiol. Dis. 4, 387-397. 

14. Davies, S. W„ Turmaine, \L, Cozens, B. A., DiFiglia, M., Sharp, A. H M Ross, 
C A., Scherzinger, a, Wanker, E. &, Mangiarini, U & Bates, G. P. (1997) Cell 
90,537-548. 

15. Martindalc, D., Hackam, A., Wieczorek, A^ EUerby, L., Wellington, C, 
McCutcheon, K, Singuraja, FL, Kaiemi-E&farjani, P., Devon, R-, Kim, S. U., 
etal (1998) Nat. Genet. 18, 150-154. 

16. Cooper, J. K, Schilling, G„ Peters, M. F., Herring, W. J„ Sharp, A. H., 
Kaminsky, Z., Masone, J, Khan, F. A, Delanoy, M., florchelt, D. R., et al 
(1998) Hum. Mol Genet. 7, 783-790. 

17. Wyttenbach, A., Carmichael, J., Swartz, J., Furlong, R. A., Narain, Y^ Rankin, 
J. A Rubinsztein, D. C. (2000) Proc. Natl. Acad, Sci. USA 97, 2898-2903. 

18. Sato, A-, Shimohata, Koide, R-, Takano, Sato, T., Oyake, M M lgarashi, 

Tanaka, 1L, Inuzuka, Nawa, H., et al. (1999) Hum. Mo!. Genet. 8, 
997-1006. 

19. EUerby, L. M., Hackam, A. Propp, S. S., EUerby, H. Rabizadca, S., 



motor neuron disease, Parkinson's disease, and Alzheimer's 
disease. 

We thank Drs. Chris Cummings, Huda Zoghbi, and Susan Lmdquist for 
the HDJ-2/HSDJ and Hspl04 constructs. We are grateful to Evan Reid, 
Rainer Duden, Andreas Wyttenbach, and Jina Swartz for helpful 
discussion. J. Carmichecl is an Action Research Training Fellow and is 
grateful for a Sadder Studentship, and D.CR. is a Glaxo Welkome 
Research Fellow. J. Chatellier was a Marie Curie EU fellow. CM. and 
AW. are grateful for a grant from the National Foundation for Cancer 
Research (USA), and ART. is grateful for a grant from the Wellcome 
Trust 



Cashtnan, N. R., Trifiro, M. A^ Pinsky, L_, Wellington, C Salvesen, G. S., 
et al (1999) J. Neurochem. 2, 185-195, 

20. Sodou, F., Finkbeioer, S^ Dcvys, D. & Greenberg, M. R (1998) CeU 95, 55-66. 

21. Perutz, M. F. (1999) Trends Bhchem. ScL 24, 58-63. 

22. Klement, L A., Skinner, P. J „ Kay tor, M. Yi, H., Hcrsch, S. Clark, R 
Zoghbi, H. Y. & Orr, H. T. (1998) Cell 95, 41-53. 

23. Orr, H. T., Skinner, P. A., Klement, C Cummings, CJ.& Zoghbi, H. J. 
(1998) Am. J. Hum. Genet., StxppL, A& 

24. Cummin^, C. Reinstein, a, Sun, Y, Antalfry, Jiang, Y^ Ciechanover, 
A, Orr, H. T., Beaudet, A. U& Zoghbi, H. Y, (1999) Neuron 24, 879-892. 

25. Sawa, A., Wiegand, G. W. ( Cooper, J, Margolis, R. U, Sharp, A. H M Lawler, 
J. F., Jr^ Greenamyre, J. T^ Snyder, S. H. & Ross, C A (1999) Nat. Med. 5, 
1194-1198. 

26. Sathasivam, K^ Hobbs C, Turmaine, M., Mangiarini, L, Mahal, A^ Bertaux, 

Wanker, E. R, Doherty, P^ Davies, S. W. & Bates, G. P. (1999) Hum, Mol 
Genet. % 813-822. 

27. Arenas, J., Campos, Y., Ribacoba, R., Martin, M. A., Rubio, J. C, Ablanedo, 
P. & CabeUo, A, (1998) Ann Neurol. 43, 397-400. 

28. Hurlbert, M. Zhou, Wasmeier, C, Kaddis, F. G„ Hutton, J. C & Freed, 
C R. (1999) Diabetes 48, 649-651. 

29. Zahn, Buckle, A. M., Perrett, S., Johnson, C. M„ Corrales, F. J M Golbik, R. 
& Feraht, A. R. (1996) Proc Nad. Acad. Sci. USA 93, 15024-15Q29. 

30. Wang, J. D., Micheh'tsch, M.D.& Weissman, J. S. (1998) Proc Nad. Acad. ScL 
USA 95, 12163-12168. 

31. Weber, F, Keppel, F, Georgopoutos, C, Haycr-Haru, M. K. & Hard, F. U. 
(1998) Nat. Struct. Biol 5, 977-985. 

32. Schirmer, £. C, Queitsch, C, Kowal, A. Parsell, D.A.& lindquist, S. (1998) 
I Biol Cbenu 273, 15546-15552. 

33. Chatellier, J . Hill, F., Lund, P. A. & Fertht, A. R. (1998) Proc Natl Acad. ScL 
USA 95, 

34. Hemsley, A^ Arnheim, Toney, M. D., Cortopassi, G. & Galas, D. J. (1989) 
Nucleic Acids Res. 17, 6545-6551. 

35. Cummings, C. Mancini, M. A^ Antalrty, DeFranco, D. a, Orr, H. T. ft 
Zoghbi, a Y. (1998) Nat. Genet. 19, 148-154. 

36. Krobitsch, & & Undquist, S. (2000) Proc Natl Acad. ScL USA 97, 1589-1594, 

37. Hunt, J. Weaver, A. J^ Landry, S. J n Gkrasch, L. & Deisenhofer, J (1996) 
Nature (London) 379, 37-45. 

38. Furlong, R. A., Narain, Y., Rankin, J., Wyttenbach, A, & Rubinsztein, D. C 
(mQ)Biockem. J. 346, 577-581. 

39. Rankin, J., Wyttenbach, A* & Rubinszteia, D. C (2000) BioehemJ. 348, 15-19. 

40. Nagai, Y., Tucker, T., Ren, H., Kenan, D. Henderson, B. Keene. J. 
StrittmatUr, W. J. & Burke, J. R. (2000) J. Biol Chem. 275, 10437-10442. 

41. Chai, Y., Koppenhafer, S. L^ Bonini, N.M.& Paulson, JL L, (1999) / Neuroscl 
19, 10338-10347. 

42. Warrick, J. M„ Chan, H. Y. ( Gray-Board, G. L,, Chai, Y M Paulson, H. L. A 
Bonini, N. M. (1999) Nat. Genet. 23, 425-428. 

43. SatyaL S. H., Schmidt, B n Kitagawa, Sondheuner, Lindquist, S„ Kramer, 
J. M. & Morimoto R. L (2000) Proc Nad. Acad. Sci USA 97. 5750-5755. 



Carmkhaei eta/. 



TO/69 d l900-ZZZ-6t8 



PNAS | August 15, 2000 | VOL97 | no. 17 | 9705 

1900-2ZZ(6L9) SS=2L ZL-ZO-^OOZ 



EXHIBIT I 



© 2000 Oxford University Press 



Human Molecular Genetics, 2000, Vol 9, No. 13 2009-2018 



Polyglutamine length-dependent interaction of Hsp40 
and Hsp70 family chaperones with truncated N-terminal 
huntingtin: their role in suppression of aggregation and 
cellular toxicity 

Nihar Ranjan Jana, Motomasa Tanaka, Guang-hul Wang and Nobuyuki NuWna + 

Laboratory for CAG Repeat Diseases, RIKEN Brain Science Institute, 2-1 Hirosawa. Wako-shi, Saitama 351-0198, 
Japan 

Received 13 April 2000; Revised and Accepted 19 June 2000 



Huntington's disease (HD) is an autosomal dominant 
neurodegenerative disorder caused by poly- 
glutamine expansion in the disease protein, hunt- 
ingtin. in HD patients and transgenic mice, the 
affected neurons form characteristic ubiqurtln- 
poslttve nuclear inclusions (NIs). We have estab- 
lished ecdysone-fnducible stable mouse Neuro2a 
cell lines that express truncated N-terminal hunt- 
ingtin (tNhtt) with different polyglutamine lengths 
which form both cytoplasmic and nuclear aggregates 
in a polyglutamine length- and inducer dose- 
dependent manner. Here we demonstrate that newly 
synthesized polyglutamine-expanded truncated 
huntingtin Interacts with members of Hsp40 and 
Hsp70 families of chaperones in a polyglutamine 
length-dependent manner. Of these Interacting chap- 
erones, only HdJ-2 and Hsc70 frequently (HdJ-2 > 
Hsc70) co-iocalize with both the aggregates in the 
cellular model and with the NIs In the brains of HD 
exon 1 transgenic mice. However, HdJ-2 and Hsc70 
do not co-localize with cytoplasmic aggregates in the 
brains of transgenic mice despite these chaperones 
being primarily localized In the cytoplasmic compart- 
ment. This strongly suggests that the chaperone 
interaction and their redistribution to the aggregates 
are two completely different phenomena of the 
cellular unfolded protein response. This unfolded 
protein response is also evident from the dramatic 
induction of Hsp70 on expression of polyglutamine- 
expanded protein In the cellular model. Transient 
overexpression of either Hdj-1 or Hsc70 suppresses 
the aggregate formation; however, suppression effi- 
ciency is much higher In HdJ-1 compared with Hsc70. 
Overexpression of Hdj-1 and Hsc70 is also able to 
protect cell death caused by polyglutamine- 
expanded tNhtt and their combination proved to be 
most effective. 



INTRODUCTION 

Expansion of CAG triplets within the coding regions of target 
genes is the cause of several autosomal dominant neuro- 
degenerative diseases including Huntington's disease (HD), 
several spinocerebellar ataxias (SCAs), dentatorubral pallido- 
kiysian atrophy and X-linked spinal bulbar muscular atrophy 
(SBMA) (1-3). One of the common characteristic features of 
all the above diseases is the formation of insoluble aggregates, 
in particular intranuclear aggregates or nuclear inclusions 
(NIs) (4-6). The affected neurons in the brains of HD patients 
show NIs containing N-terminal huntingtin fragments (7-9), 
and transgenic mice expressing exon 1 of the HD gene 
containing >1 15 CAG repeats also have neuronal NIs even 
before they develop neurological symptoms (10). These find- 
ings led us to postulate that such NIs are toxic and responsible 
for the pathology of HD. In fact, several cellular models of HD 
also demonstrate that the nuclear aggregates of polyglutamine 
protein are associated with cell death (11-15). However, two 
recent studies have raised the possibility that this aggregation 
may not be the primary factor causing cell death (16,17). 

The mechanism that leads the polyglutamine-expanded 
proteins to aggregate is unknown. One hypothesis is that the 
ghitamine repeats are able to form a polar zipper, an unusual 
motif for protein-protein interaction (18,19). litis polar zipper 
was predicted to form either between two different molecules 
with glutamine repeats or within one molecule, forming a 
hairpin loop. Aggregate formation would then be enhanced by 
an expanded polyglutamine tract via transglutaminase- 
catalyzed cross-linking (20) or by aberrant interaction with 
other proteins dependent on polyglutamine length (21-23). 
There is also the possibility that the extended polyglutamine 
tract may destabilize the native conformation of the protein, 
thereby causing the protein to misfold and aggregate. The fact 
that the NIs are ubiquitinated raises the possibility that the 
polygmtainine-expanded proteins become misfolded, with 
protein degrading machinery such as proteasomes being affected. 
Indeed recent reports suggest that NIs in SCA1 (24), SCA3 
(25,26) and SBMA (27) co-localize with chaperone Hdj-2 and 
proteasome components. Furthermore, overexpression of the 
chaperone suppressed the aggregate formation in those studies. 
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Correct protein folding is an essential biological process, and 
for correct folding in the cellular milieu, many proteins interact 
with molecular chaperones. The heat shock protein 70 (Hsp70) 
class of molecular chaperones is thought to bind early in the 
folding process to the extended conformation of a polypeptide 
chain with a preference for hydrophobic sequences, and to 
maintain the polypeptide in a soluble conformation (28,29). 
ATP binding and hydrolysis on Hsp70 are coupled to substrate 
binding and release by conformational changes in the chap- 
erone that represent cooperation between the substrate binding 
and ATPase domains of Hsp70 (30,31). To facilitate protein 
folding, Hsp70 must interact with a co-chaperone protein that 
regulates its ATPase activity (32-34). A major class of Hsp70 
co-chaperone proteins is the Hsp40 family. These chaperones 
also bind to a misfolded substrate and are capable of initiating 
refolding and of preventing aggregation without the help of 
Hsp70 (35). On release from the chaperone, a polypeptide may 
either fold to its native conformation or enter into the degrada- 
tion machinery of the cells. Chaperones may also play an 
active role in directing misfolded or mutant proteins to proteo- 
lysis by ubio^tin-proteasome pathways (36,37). 

In the present study, we hypothesized mat the poly- 
glutamine-exp anded hunting tin protein is probably misfolded 
and that the cellular chaperone system may be affected. There- 
fore, we investigated the involvement of various chaperones in 
the pathogenesis of HD using HD exon 1 transgenic mice and 
an inducible stable mouse Neuro2a cell line that expresses 
truncated N-terminal hunting tin (tNhtt) containing different 
polyglutanune lengths. We demonstrate that several chaper- 
ones of the Hsp family interact with newly synthesized tNhtt in 
a polyglutamine length-dependent manner and that some chap- 
erones are also co-localized with the aggregates. We further 
show that the transient overexpression of some of these chap- 
erones reduces toe aggregate formation as well as cellular 
toxicity caused by expanded polyglutamine tracts. 

RESULTS 

Interaction of Hsp40 and Hsp70 chaperone families with 
poryglutamine-expanded tNhtt 

We have established stable and inducible mouse Neuro2a cell 
lines that express tNhtt with enhanced green fluorescent 
protein (EGFP) containing 16, 60 and 150 glutamine residues. 
These cell lines are denoted HD 16Q-23, 60Q-14 and 150Q-28 
and the expressed proteins are tNhtt- 16Q, -60Q and -150Q, 
respectively. Using this cellular model, we showed that the 
formation of aggregates and cell death induced by tNhtt were 
polyglutamine length- and inducer dose-dependent (38). In the 
present study, we used these cell lines to examine the inter- 
action of various chaperones with normal and polyglutamine- 
expanded tNhtt. Each cell line was differentiated with ^,2-0- 
dibutyryl-cAMP (dbcAMP) and induced with ponasterone A 
for 2 days and then the total cell lysate prepared for 
imm unoprecipitation by anti-green fluorescent protein (anti- 
GFP). The immunoprecipitates were analyzed by SDS-PAGE 
and irnmunoblotting. The blots were first probed with either 
anti-huntingtin or anti-GFP to confirm the immunoprecipita- 
tion of GFP-iuntingtin protein with various glutamine repeats 
(Fig. 1A). Both anti-GFP and anti-huntingtin detected two 
major bands in HD 150Q-28 cell lysate because of the insta- 



A B 




figure 1 Polyglutamine length-dependent coimnmnoprecjpiiation of Hdj-2 
and Hdfl chaperones with tNhtt. HD 16Q-23, 60Q-14 and 150Q-28 cell lines 
were differentiated with 5 mM dbcAMP and induced with 1 jiM ponasterone 
A for 2 days. The total cell lysate was immunopiecipUated with anti-GFP and 
the immnnoprecipitated materials were analyzed by immnnoblotting. Blots 
were sequentially probed with buntingtin (A), Hd>2 (B) and Hdj-l (C) anti- 
body. (D) The above-mentioned cell lines were transfected with Hd}-1 expres- 
sion pksmids and, 24 h after transection, cells were treated with dbcAMP and 
ponasterone A for another 24 h and then total cell lysate was processed for 
immunoprecipitation by anti-GFP. The blot was probed with V5 antibody. 
(E) Differentiated HD 150Q-28 cells were induced for different time periods 
and the total cell lysate processed for immuncprecipitati on by anti-GFP. Pro- 
tein on the blot was detected with anti-Hdj-2. 



bility of the longer CAG repeats which was further confirmed 
by PCR analysis. The blots were then sequentially probed with 
different chaperone antibodies. Figure 1 shows the poly- 
glutamine length-dependent co-immunoprecipitation of Hdj-l 
and Hdj-2 chaperones. Both Hdj-2 (Fig. IB) and Hdj-l (Fig. 
1Q precipitated well with tNhtt-150Q, very poorly with tNhtt- 
60Q, but did not precipitate at all with tNHtt-16Q. The inter- 
action of Hdj-l was further confirmed by transient transfection 
of the HD 16Q-23, 60Q-14 and 150Q-28 cells with Hdj-l 
expression plasmid, immunoprecipitation by anti-GFP anti- 
body and detection by V5-tag antibody (Fig. ID). Control 
experiments containing mouse IgG instead of anti-GFP anti- 
body resulted in no precipitation of the chaperones. In the 
reverse experiments using both anti-Hdj-1 and anti-Hdj-2 
antibodies, we also observed co-immunoprecipitation of tNhtt- 
150Q with Hdj-l and Hdj-2 (data not shown). In another 
experiment, differentiated HD 150Q-28 cells were induced for 
different time periods (from 5 h to 3 days) and the cells 
collected at each time-point then processed for immuno- 
precipitation with anti-GFP antibody. A blot of the precipitated 
proteins was then probed with anti-Hdj-2 antibody. The result 
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Figure 2. Co-imnwooprecipitation of Hsc70 and HspTO chaperones with the 
potyglutaminc-cxpanded tNhtt. (A, B and O Cells were treated and processed 
for immunoprecipitatlon as described in Figure IB, E and C, respectively. 
Blots were probed with either anti-Hsc70 (A and B) or anti-Hsp70 (C). (D) HD 
150Q-28 ceUs were uansfected with Hsp70 expression plasraids. Total cell 
lysate was processed for iraraunoprecipitation and protein was detected with 
V5 antibody. 

shows that the irnmunoprecipitated Hdj-2 due to newly synthe- 
sized tNhtt-150Q was detected from 10 h onwards and 
increased steadily up to 2 days (Fig. IE). The amount of 
irnmunoprecipitated Hdj-2 decreased on the third day due to a 
gradual increase in aggregate formation of the soluble protein. 

Figure 2A and C demonstrate similar polyglutamine length- 
dependent co-immunoprecipitation of Hsc70 and Hsp70 chap- 
erones with tNhtt. Reverse experiments were also carried out 
to confirm the results (data not shown). Interactions of Hsp70 
(Fig, 2D) and Hsc70 (data not shown) were further confirmed 
by transfecting cells with their respective expression plasmids, 
immunoprecipitating with anti-GFP antibody and probing a 
blot with V5 antibody. Figure 2B shows the time dependency 
of the immunoprecipitatable Hsc70. Several other chaperones, 
namely Hsp27, Hsp60, Hsp90oc and Hspl04, were tested in 
similar co-immunoprccipitation experiments, but none was 
irnmunoprecipitated by anti-GFP antibody. 

Expanded polyglutamine protein elicits stress response 

Surprisingly, during the immunoprecipitation experiment we 
observed a very high level of induction of Hsp70 in HD 
60Q-14 and 150Q-28 cells. Consequently, we examined the 
expression levels of various other interacting chaperones in 
cells induced for different time periods as well as in transgenic 
mice (R671 line) with age-matched controls. In the cellular 
system, although Hsp70 was normally undetectable, its expres- 
sion was dramatically up-regulated in a polyglutamine length- 
dependent manner (Fig. 3). However, the expression levels of 
various other chaperones, namely Hdj-1, Hdj-2 and Hsc70, did 
not change. No differences in the expression levels of any of 
the chaperones were observed between control and transgenic 
mice (Fig. 3). In both control and transgenic mice, Hsp70 was 
normally expressed at quite high levels and did not show any 
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Figure 3. Effect of expanded-polyglutamine protein on expression levels of 
various chaperones. Differentiated HD 16Q-23, 60Q-14 and 1500-28 celt lines 
were indnced with 1 pM ponasterone A for different time periods and then the 
total cell lysate was analyzed by immunoblotting. Equal amounts of protein 
(20 jig) were loaded in each lane. Lanes 1, 4, 7 and 10, cell lysate expressing 
lNhtt-16Q; lanes 2, 5, 8 and 11 , cell lysate expressing tNhtt-6UQ; lanes 3,6,9 
and 12, cell lysate expressing tNhtt-150Q. Brains from 30- to 36- week-old 
transgenic mice and age-matched controls were used. 



further increase in transgenic mice until 30-35 weeks when the 
mice began to display severe HD symptoms. 

Co-localization of Hdj-2 and Hsc70 chaperones with the 
polygrataminc aggregates in the cellular model 

Since the chaperones interacted with the soluble form of poly- 
ghitamine-expanded tNhtt, we next examined whether the 
aggregated form also contained those chaperones. Therefore, 
we performed irnrnunocytochemical staining of those chaper- 
ones. In wild-type Neuro2a cells or HD 16Q-28, 60Q-14 and 
150Q-28 cells, endogenous Hdj-2 and Hsc70 were primarily 
localized in the cytoplasmic compartment with very faint 
nuclear staining. However, on induction of the mutant protein 
in HD 60Q-14 or 150Q-28 cells these chaperones redistributed 
to the aggregates and showed co-localization with GFP aggre- 
gates (Fig. 4). The staining pattern of Hsc70 in the aggregates 
was much weaker and the frequency of the Hsc70 positively 
stained aggregates were also comparatively lower than Hdj-2. 
However, we were unable to find any Hdj-1- and Hsp70- 
positive aggregates in either HD 60Q-14 or 150Q-28 cells, 
although both interacted with the polyglutamine-expanded 
protein. 

Redistribution of Ho>2 and Hsc70 chaperones to the NIs 
in HD exon 1 transgenic mice 

We next examined the subcellular localization of various chap- 
erones in the brains of HD exon 1 transgenic mice. On 
immunostaining of the R6V1 transgenic mice brain sections, we 
found localization of Hdj-2 and Hsc70 chaperones to the NIs 
(Fig. 5). In control mice, these chaperones were mainly local- 
ized to the cytoplasm, A quantitative estimation of the 
ubiquitin-, Hdj-2- and Hsc70-poBitive NIs in the cerebral 
cortex and striatum area is shown in Figure 2B. Immuno- 
fluorescence staining was performed to visualize the respective 
positively stained fluorescein isothiocyanate (FlTC)-labeled 
NIs, and nuclei were counterstained with propidium iodide. 
The brains of R6/1 transgenic mice at 10-12 weeks contained 
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Figure 4. Localization of Hdj-2 and Hsc70 chaperones in the poly gin tamine aggregates. Differentiated HD 150Q-2S ceils were left mmwUBd (A) or treated with 
ponasterone A (B) for 2 days and then cells were processed for i mmnn ofluores cence staining. Cy3-ccnjugated (red) secondary antibody was used to label either 
Hdj-2 or H$c70. Merging (yellow) of the two signals (red and green) illustrates co-localizadon. Scale bars: (A) 20 urn; (B, top) 20 |ixn; (B, bottom) 10 \ixn* 



-11% of ubiquitin-positive NIs, which increased to 72% at 
30-35 weeks. However, Hdj-2- and Hsc70-positive NIs were 
undetectable at 10-12 weeks and detectable to 51 and 25%, 
respectively, at 30-35 weeks. In 10- to 12- week-old R6/2 
mice, the percentage of ubiquitin-, Hdj-2- and Hsc70-positive 
NIs were relatively higher than in 30- to 35-week-old R6/1 
mice. The frequency of Hdj-2- and Hsc70-positive NIs were 
much lower compared with that of ubiquitin-positive NIs, and 
the frequency of Hsc70-positive NIs was -50% lower than that 
of Hdj-2-positive NIs in both transgenic mice. Hdj-1 and 
Hsp70 did not localize to the NIs in both transgenic mice. 
Figure 6 demonstrates immunofluorescence double labeling of 
the Hdj-2 chaperone and ubiquitin in transgenic mouse brain 
sections. Anti-ubiquitin positively stained nuclear and many 
cytoplasmic aggregates. However, anti-Hdj-2 antibody mostly 
stained the nuclear aggregates. A similar phenomenon was 
observed in the case of Hsc70. Several other Hsps, i.e. Hsp27, 
Hsp60, Hsp90ot and Hspl05, did not localize to the NIs. 

Suppression of polygfutarainc protein aggregation by 
Hdj-1 and Hsc70 chaperones 

Next we examined whether the interaction of the chaperone 
with polyglutamine-expanded tNhtt was trying to keep the 
polyglutamine protein in a soluble form or whether it was 
enhancing the process of aggregation. We addressed this 
problem by overexpressing those chaperones into the HD 
150Q-28 cells. Overexpression of Hdj-1 efficiently prevented 
aggregate formation in HD 150Q-28 cells (Fig. 7A). Hsc70 
overexpression (Fig. 7B) also had a significant effect on aggre- 
gate suppression; however, Hsp70 (Fig. 7C) had no effect. Co- 
expression of either Hsc70 or Hsp70 with Hdj-1 did not 
improve the suppressive effect that was observed with over- 
expression of Hdj-1 alone. The J^omain deleted form of Hdj-1 
or ATPase domain deletion mutant of Hsc70 also had a signif- 
icant effect on suppression of aggregate formation (Fig. 7A 
and B). However, overexpression of only the J-domain of 
Hdj-1 or only the ATPase domain of Hsc70 had no effect. The 



J-domain deletion mutant of Hdj-1 or ATPase domain deletion 
mutant of Hsc70 both retain their capacity to bind with the 
polyglutarnine-expanded tNhtt as evidenced from immuno- 
precipitation (data not shown). A similar suppressive effect of 
Hdj-1 and Hsc70 on polyglutamine protein aggregation was 
also observed in HD 60Q-14 cell lines. We further confirmed 
our result by transiently transfecting those chaperones along 
with pIN D-tNhtt-EGFP- 150Q at different ratios into Neuro2a 
cells stably expressing VgRXR (the functional ecdysone 
receptor). Twenty-four hours after transfection, cells were 
induced with ponasterone A (1 |iM) and, at 48 h post- 
transfection, cells were fixed and processed for immuno- 
fluorescence staining of Hdj-1 and Hsc70 by V5 antibody. As 
shown in Figure 8, either Hdj-1 or Hsc70 along with poly- 
gaitamme-expanded huntingtin efficiently prevent aggregate 
formation and counting of the aggregates (Fig. 8D) in the trans- 
fected cells revealed a dramatic extent of aggregate suppression. 

Hdj-1 and Hsc70 chaperones protect against cell death 
caused by expanded polygrutamlne protein 

The ability of the Hdj-1 and Hsc70 chaperones to suppress 
aggregate formation prompted us to investigate the change m 
cellular toxicity caused by polyglutamine-expanded tNhtt We 
used HD 150Q-28 cells for this investigation. On induction 
with 1 uM ponasterone A, the differentiated HD 150Q-28 cells 
showed -22-36% death on the third and fourth days. Over- 
expression of Hdj-1 significantly protected against this cell 
death. Hsc70 also showed a small suppressive effect on cellular 
toxicity but this was not statistically significant. Co-expression 
of Hsc70 with Hdj-1 improved the protective effect further in 
comparison with Hdj-1 alone (Fig. 9 A). Hie expression levels 
of Hdj-1, Hsc70 and tNhrt-150Q are shown in Figure 9B, 

DISCUSSION 

Protein aggregation is the most common characteristic feature 
among the polyglutamine diseases. The mechanism mat causes 
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Figure 5. Co-localization of Hdj-2 and Hsc70 chaperones to the NIs in tbe 
brains of HD ex on 1 transgenic mice. Brain sections from control find trans- 
genic 20- to 36-week-old mice of were used for inimunohistochemical stain- 
ing. (A) Control mouse brain stained with anti-Hdj-2 antibody. (B) Transgenic 
mouse (Ro/1) brain stained with anti-Hdj-2 antibody. (C) Control monse brain 
stained with anti-Hsc70 antibody. (D) Transgenic mouse (R.6/1) brain stained 
with anti-Hsc70 antibody. Scale bars, 50 una. (E) Quantification of ubiquffin-, 
Hd>2- and H*c7Q-poutiveNIfi in the R6/1 and R6/2 lines of HD exon 1 trans- 
genic mice. Positively stained NIs were estimated by counting -500 propidium 
iodide-stained nuclei in different parts of the cerebral cortex and striatum using 
three transgenic mice of each age group. Values are means ± SD. 

polyglutamine-expanded proteins to aggregate is not fully 
understood. Here, we demonstrate that several chaperones of 
the Hsp family interact with polyglutamine-expanded protein 
in a glutarnine repeat length-dependent manner. This suggests 



that polyglutamine-expanded proteins are misfolded and 
become prone to aggregation and that the misfolding propen- 
sity is directly proportional to the length of the glutarnine 
repeats. Among several chaperones tested, the members of the 
Hsp40 (Hdj-1 and Hdj-2) and Hsp70 (both constitutive and 
inducible form) families bind to the po ly ghitamine-expanded 
proteins. 

Of these four interacting chaperones, Hdj-2 and Hsc70 were 
frequently co-localized with the aggregates in both the cellular 
and HD exon 1 transgenic mouse model, indicating that their 
interaction might be involved in enhancing tbe process of 
aggregation. The hypothesis was further supported by the fact 
that the yeast chaperone Hspl04 has been shown to be neces- 
sary for the conversion of prions from soluble to insoluble 
form through the stabilization of certain folding intermediates. 
This phenomenon was lost when Hsp 104 was overexpressed or 
removed from the system (39,40). However, in both our 
cellular and transgenic mouse models, the staining pattern of 
Hsc70 in the aggregates was very weak and the frequency of 
positively stained aggregates was also quite low compared 
with that of Hdj-2. Furthermore, immunofluorescence double 
labeling between Hdj-2 and ubiquitin in the transgenic mouse 
brain section revealed that the Hdj-2 associated with only 
nuclear and not cytoplasmic aggregates. This indicates that 
Hdj-2 and Hsc70 are most likely not involved in the aggre- 
gation process, since these chaperones are mostly cytoplasmic, 
and if their interaction helps polyglutamine proteins to aggre- 
gate we would expect at least some cytoplasmic aggregates to 
be positively stained for these chaperones. 

One possible explanation as to why the chaperones bind to 
the nuclear aggregates follows. The polyglutamine-expanded 
proteins escape from the cytoplasmic chaperone barrier, grad- 
ually accumulate and form aggregates inside the nucleus. 
When the aggregates are sufficiently large, a stress response is 
induced. As a result, the chaperone targets the nuclear aggre- 
gates but eventually the attempt is unsuccessful. Alternatively, 
the chaperones might help the expanded polyglutamine protein 
to enter the nucleus, where the chaperone-bound poly- 
ghitamine protein complex associates with the neighboring 
molecules and forms aggregates. The nuclear environment 
possibly favors the aggregation process because the nucleus is 
less efficient than the cytoplasm in refolding or degrading 
misfolded proteins (16,41,42). From our observations, it is 
conceivable that the chaperone interaction with the soluble 
form of polyglutamine-expanded proteins and their 
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Hgnre 6. Immunofraorescecce double labeling of ubiquitin and Hdj-2 in the NL Brain secdons from 30- to 36- week-old transgenic mice (R6/1) was used. Brain 
section was incubated with anti-Hdj-2 (anti-mouse) and attti-ubiquitin (antl -rabbit) antibodies and then labeled with anti-rabbit FTFC-conjugated and anti-mouse 
Cy3-conjugated antibodies. (A) Hdj-2 (red). (B) Ubiquitin (green). (O Overlay of the two signals (yellow). Scale bar, 50 urn. 
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Figure 7« Effect of overexpression of various chaperones on polyglutaraine 
protein aggregation. HD 150Q-28 cells were transfectcd with empty pcDNA or 
Hdj-1, Hsc70 or Hsp70 expression vector. After 24 h, cells were re-plated in 
the chamber slides and, after another 24 h, cells were differentiated (5 mM 
dbcAMF) and induced (100 nM ponasterone A) simultaneously. Aggregate 
formation was monitored at 12 end 24 h post-induction. (A) Effect of over- 
expression of full-length or various deletion mutants of Hdj-1. (B) Effect of 
overexpression of full-length and various deletion mutants of Hsc70. 
(C) Effect of overexpression of Hsp70. Values are means ± SEM; n a 4; 
*?< 0,001; *P < 0.01, compared with respective empty pcDNA-trans f acted 
experiment with respect to time. 

recruitment to the polyghitamine aggregates are two 
completely different phenomena of the cellular unfolded 
protein response. 

The co-localization of Hdj-2 chaperone to the NIs has been 
demonstrated in SCA1 (24), SCA3 (26) and SBM A (27) and in 
all the disease models examined overexpression of Hdj-2 chap- 
erone suppresses aggregate formation. Co-localization of Hdj- 
1 and Hsp70 with the NIs and suppression of aggregate forma- 
tion by Hdj-1 has also been demonstrated in SCA3 (26). In the 
cellular model of HD used in the present study, we found 
suppression of aggregate formation by Hdj-1 and Hsc70. This 
strongly suggests that the common target of Hsp40 and Hsp70 
family members are any polyglutamine-expanded protein and 
that Hsp40 and Hsp70 are effective in the suppression of 
r^Iyglutamine-triBdiated protein aggregation. However, the 
suppression efficiency differs among the members of these two 
families of chaperones. Our results suggest that Hsp40 family 
members are much more effective in aggregation suppression 
compared with members of the Hsp70 family. Whether these 
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Figure 8. Immunofluorescence demonstration of the prevention of poty- 
glutamine protein aggregation in cells overexpressing either Hdj-1 or Hsc70 
chaperones. Neuro2a cells stably expressing VgRXR were transected with 
either Hdj-1 or Hsc70 (2 u,g each) along with pIND-tNhtt-EGFP-1 50Q (0.5 
pg) and, 24 h after tnuisfection, cells were induced with 1 jiM ponasterone A. 
Twenty-four hours past-induction, cells were processed for immunofmores- 
cence staining of Hdj-1 and Hsc70. Cy3-conjugated secondary antibody was 
used co label die Hdj-1 and Hsc70. (A) Cells transfected with pIND-<Nhtt- 
EGFP-150Q and an empty pcDNA vector (B) Cells transfectcd with Hdj-1 and 
pIND-tNhtt-BQFP- 1 50Q. Arrows indicate cells expressing both Hdj-1 and 
tNhu-150Q. (O Cells transfectcd with Hsc70 and pIND-tNhtx-BGFP-ISOQ. 
Ajtows indicate cells expressing both Hsc70 and INhtt-l50Q. The arrowhead 
indicates the cell containing aggregates. (D) Quantification of the number of 
aggregates in the cells that overexpressed Hdj-1 and Hsc70 chaperones. Scale 
bar, 20 jim. 



differences also exist among the members of the same family 
has yet to be determined. 

The Hsp40 family chaperones are known to be co-chaper- 
ones for the Hsp70 family and modulate the cellular protein 
folding by binding to misfolded polypeptides via the 
C-terminal domain and regulating the ATPase activity of the 
Hsp70 family members through the N-terminal J-domain 
(33,34). However, there are reports that the members of the 
Hsp40 family are also capable of refolding the misfolded 
substrates and preventing aggregation without the help of 
Hsp70 family members (35,43). The fact that the J-domain 
deletion mutant of Hdj-1 still suppresses the aggregate forma- 
tion strongly suggests that the Hsp40 family chaperones can 
work alone and also possibly in cooperation with the Hsp70 
family to suppress aggregation. How those chaperones are 
involved in the folding process of unfolded polyglutamine- 
expanded protein is not clear. Possibly, at higher concentra- 
tions, the chaperone-bound folding intermediate efficiently 
prevents the intra- and mtermolecular polar zipper formation 
and keeps the polyglutamine protein in a soluble form while 
enhancing their degradation by ubiquitin-proteasome path- 
ways at the same time. The Hsp40 and Hsp70 families of chap- 
erones have been shown to play a critical role in the rapid 
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Figure 9- Reduction of polyglutanune-mediated eel Mar toxicity an overex- 
pressioo of Hdj-1 and Hsc70 chaperones. HD 150Q-28 cells were transfeefed 
with empty vector (pcDNA) or plasmids encoding Hdj-1 or Hsc70. After 24 n, 
cells were re-plated to the 96- well plates, differentiated (5 mM dbcAMP) and 
induced (1 uM ponasterone A) simultaneously. Cell viability was measured by 
MTT assay and monitored at the third and fourth days of induction. Values are 
the means ± SEM; n « 12. *P < 0.01; **P < 0.001 , compared with pcDNA- 
transfected and ponasterone A-treated experiment (B) Expression levels of 
various transacted chaperones and tNha-150Q detected at 48 h post- 
transfectloa Twenty-four hours after trans feciioo, cells were differentiated and 
induced as Indicated above. Chaperones on the blot were detected by ECL with 
30 s exposure and tNhtMSOQ was detected with 1 min exposure. 



degradation of misfolded proteins by theubiquitin-proteasome 
pathway (36,37). 

Another interesting observation in (he present study was the 
poiyglutamine length-dependent induction of Hsp70 in the 
cellular model, despite being unable to detect any major 
changes in Hsp70 levels in the HD exon 1 transgenic mice (R67 
1) until 30-35 weeks, when they showed severe HD symp- 
toms. The induction of Hsp70 has also been reported in the 
cellular model of SCA3 but not in their transgenic model (26). 
Many stressful conditions induce Hsp70, which increases the 
cell's tolerance to stress. Induction of Hsp70 by poly- 
glutamine-expanded protein suggests that the cell is under 
stress and trying to compensate. However, the factors gener- 
ating this stress are currently unknown. One possibility is that 
the utilization and redistribution of chaperones as well as 
proteasomes (unpublished data) to the aggregates creates a 
deficit in their normal active cellular pool, which in turn 
increases the accumulation of misfolded proteins and ulti- 
mately creates stress. Our hypothesis is supported by the obser- 
vation that inhibition of protease me function leads to the 
induction of various chaperones (44). Moreover, the cellular 
deficit of chaperones and proteasomes might ultimately result 
in disease progression by disturbing vital cellular function. 

In the present study, we found that overexpression of the 
Hsp40 family chaperones significantly reduces the cellular 
toxicity created by polyglutomine-expanded tNhtt. This 
protective effect was further improved by overexpressing 
Hsp40 with Hsc70. Recently, overexpression of the Hsp40 
chaperone has also been reported to suppress the cell death due 
to mutant SCA3 protein (26). Moreover, an in vivo study in a 
Drosophila SCA3 disease model demonstrated that over- 
expression of Hsp70 suppresses polyglutamine-induced neuro- 
degeneration and delays the progression of the disease without 
a visible effect on NT formation (45). In the cellular model of 



SCA3, Hsp70 overexpression does not have a suppressive 
effect on aggregate formation (26). In the cellular model for 
HD, we were unable to detect any significant suppression of 
aggregate formation or cellular toxicity on Hsp70 over- 
expression. One possible explanation is that in cellular models, 
endogenous Hsp70 is highly induced by polyglutamine- 
expanded protein and therefore further overexpression does 
not make a further difference. However, the specificity of 
Hsp70 protection against polyghitamine protein-mediated cell 
death remains to be explained, since Hsp70 itself is anti- 
apoplotic and can rescue the cell from stress-induced apoptosis 
(46,47). 

The challenge is to determine whether the Hsp40 and Hsp70 
family chaperones really suppress the aggregation and protect 
the neurodegeneration in the in vivo HD transgenic mouse 
model. If so, and if there are no adverse effects of over- 
expression, then these chaperones may prove to be effective 
therapeutic molecules by which to slow the progression of HD 
and also other polygmtamine diseases. 

MATERIALS AND METHODS 

Mice 

Heterozygous HD exon 1 transgenic male mice of R671 (115 
CAG repeats) and R672 (145 CAG repeats) lines were obtained 
from the Jackson Laboratory (Bar Harbor, ME) (Jackson 
codes: B6CBA-TgN [Hdexonl]61 and B6CBA- 
TgN[Hdexon 1 ] 62) and maintained by crossing carrier males 
with CBA females. The genotyping and CAG repeat sizing 
was carried out using a PCR assay and Genescan, respectively, 
as described previously (48). Mice (transgenic and their age- 
matched controls) were sacrificed using ether anesthesia, and 
their brains carefully removed and collected in Tissue-Tek 
(Sakura Finetek, Tokyo, Japan), frozen with powdered solid 
C0 2 and stored at -80°C. 

Antibodies 

Antibodies utilized in this study were purchased from the 
following sources. The rabbit polyclonal anti-Hdj-1 (SPA-400) 
and mouse monoclonal anti-Hsp70 (SPA-810) were purchased 
from StressGen Biotechnologies (Victoria, British Columbia). 
Mouse monoclonal anti-Hdj-2 (MS-225) was from Neo markers 
(Union City, CA). Goat polyclonal anti-Hsc70 (sc-1059), goat 
polyclonal anti-Hsp60 (sc-1052), rabbit polyclonal anti- 
Hspl05 (sc-1805), goat polyclonal anti-Hsp90a and goat 
polyclonal anti-Hsp27 (scl798) were from Santa Cruz 
Biotechnology (Santa Cruz, CA). Mouse monoclonal anti- 
GAPDH (MAB374) was from Chemicon International 
(Tenecula, CA). Rabbit polyclonal anti-huntingtin (corres- 
ponding to N-terminal amino acid sequences) was raised in our 
laboratory. Goat anti-rabbit IgG-Cy3, goat anti-mouse IgG- 
Cy3 and donkey anti-goat IgG-Cy3 (Molecular Probes, 
Eugene, OR) were utilized as secondary antibodies in indirect 
immunofluorescence. Horseradish peroxidase (HRP)-conju- 
gated anti-mouse IgG and anti-rabbit IgG (Amersham Life 
Science, Little Chalfont, UK) and anti-goat IgG (Santa Cruz 
Biotechnology) were utilized as secondary antibodies in 
immiinoblotting. 
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Expression plasmids 

The tNhtt expression constructs pIND-tNhtt-EGFP- 1 6Q, pIND- 
tNhtt-EGFP-60Q and pIND-tNhtt-EGFP-150Q have been 
described previously (39). Each construct contains 1-90 amino 
acids of tNhtt with a different polyglutarnine length fused to the 
N-tenninus of EGFP. The Hsp70 and Hsp40 expression vectors 
in pcDNA3.1/GS were obtained from Invitrogen (Carlsbad, CA). 
The full-length Hsc70 cDNA was isolated from human brain 
total RNA by using RT-PCR. Primer sequences were 5'-GTGG- 
CrrCCTTCGTTATTGG-3' (sense) and 5'-TTAATCAACCT- 
CTTCAATGGTGGG-3' (antisense)* Proof reading polymerase 
(TaKaRa, Kyoto, Japan) was used in the PCR reaction. PGR frag- 
ments were A-tailed and ligated into pGEM-T Easy Vector 
(Promega, Madison, WI) and confirmed by sequencing. Hie full- 
length, ATPase domain (amino acids 1-384) and the ATPase 
domain deletion (amino acids 385-646) mutant of Hsc70 expres- 
sion vector in pcDNA67V5-His were prepared using PGR and 
subcloning the product in frame into the Kpnl-Xhol site of the 
vector. The primer sequences were: 5 ACG GGGT ACC A TGG- 
CCAAGGGACCTGCAC-3' (sense, for full-length and ATPase 
domain mutant); S'-ACGQSQIACCATGGTGTCTGGAGAC- 
AAGTC-3' (sense, for ATPase domain deletion mutant); 
5^ACCGCieSASCGGATCAACCTCTTCAATGG-3' (anti- 
sense for full-length and ATPase domain deletion mutant); 
and 5'-ACCQOS2^eQGCTGCCTGGACAGCTGCACCA- 
TAAGC-3' (antisense for ATPase domain mutant). The 
J-domain mutant (amino acids 1-70) or J-domains deletion 
(amino acids 70-341) mutant of Hdj-1 was also constructed from 
full-length Hdj-1 by subcloning the PCR product into the 
BamHl-Xhol site of the pcDNA6/V5-His plasmid. Primer 
sequences were: 5'-ACGC£G£EC£ACCATGGGTAAAGAC- 
TACTACCA-3' (sense for J-domain mutant); 5'-ACC GCTCG- 
AGTTC CTCCCCGT AGCGGTCG A-3 ' (antisense for J-domain 
mutant); 5 -ACGCQQAICCACCATGGGCCTAAAGGGGA- 
GTGGCC-3' (sense for J-domain deletion mutant); and 5'-ACC- 
G CTCG AGA TATATTGGA AG A ACCTGCT-V (antisense for 
J-domain deletion mutant). Underlined sequences represent the 
sites for restriction enzymes. 

Cell culture and treatments 

Mouse Neuro2a cells stably expressing tNhtt-EGFP-16Q, 
tNhtt-EGFP-60Q and tNhtt-EGFP-150Q were regularly main- 
tained in Dulbecco's modified Eagle's medium (Life Technol- 
ogies, Gaithersburg, MD) supplemented with 10% fetal bovine 
serum, 0.4 mg/ml zeocin and 0.4 mg/ml G418. Establishment 
of stable cell lines has been described earlier (39). Cells were 
differentiated by treating 5 rnM dbcAMP (A^,2'-0-dibutyryi- 
adenosine-3':5 '-cyclic monophosphate sodium salt (Nacalai 
Tesque, Kyoto, Japan) and induced with different concentra- 
tions (0.1-2 uM) of ponasterone A (Invitrogen). 

Co-immunopredpitation experiments 

Cells were washed with cold phosphate-buffered saline (PBS), 
scraped, pelleted by centrifugation and lysed on ice for 30 min 
with RIPA buffer (10 mM HEPES pH 7.4, 150 raM NaG, 
10 mM EDTA, 2.5 mM EGTA, 1% Triton X-100 t 0.1% SDS, 
1% sodium deoxycholate, 10 mM NaF, 5 mM Na 4 P 2 0 7 , 
0.1 mM Na 3 V0 4 , 1 mM PMSE 0.1 mg/ml Aprotinin). CeU 
Iysate was briefly sonicated, centrifuged for 10 min at 15 000 g 



at4°C and the supernatants (total soluble extract) were used for 
immunoprecipitation. Protein concentration was measured 
according to the method of Bradford using Bio-Rad protein 
assay reagent (Bio-Rad, Hercules, CA) and bovine serum 
albumin as a standard. For each immunoprecipitation experi- 
ment, 200 fig of protein in 0.2 ml of RIPA buffer was incu- 
bated either with 5 jil (2 ^ig) of anti-GFP antibody or 4 |il 
(2 ug) of normal mouse IgG. After 5-6 h of incubation at 4°C 
with rotation, 10 jjlI of magnetic protein G beads (Perspective 
Biosystems, Framingham, MA) were added and incubation 
was continued at 4 D C overnight. The beads were pulled down 
with a magnet (Dynal, Oslo, Norway) and washed six times 
with RIPA buffer. Bound proteins were ehited from the beads 
with SDS (lx) sample buffer, vortexed, boiled for 5 min and 
analyzed by immunoblotting. 

Iminunoblotting 

The total cell lysate, mouse brain total soluble extracts 
(homogenate after centrifugation at 15 000 g for 10 min) or the 
irnmunoprecipitated proteins were separated through SDS- 
polyacrylamide gel (73-20%) electrophoresis and transferred 
onto PVDF membrane (Immobilon-P; Millipore, Bedford, 
MA). The membranes were successively incubated in blocking 
buffer [5% skim milk in TBST (50 mM Tris pH 7.5, 0.15 M 
NaCl, 0.05% Tween)], with primary antibody in TBST, and 
then with secondary antibody conjugated with HRP in TBSTi 
Detection was carried out with enhanced chemihiminescence 
(ECL) reagent (Amersham Life Science). 

Immunofluorescence techniques 

Cells grown in chamber slides were differentiated and induced 
together for 2 days. Cells were washed twice with PBS, fixed 
with 4% paraformaldehyde in PBS for 20 min, permeabilized 
with 0.5% Triton X-100 in PBS for 5 min, washed extensively 
and then blocked with 5% non-fat dried milk in TBST for 1 h. 
Primary antibody incubation was carried out overnight at 4°C. 
After several washings with TBST, cells were incubated with 
appropriate secondary antibody for 1 h, washed several times 
and mounted in antifade solution (Vectashield Mounting 
Media; Vector, Burlingame, CA). The primary antibodies, 
anti-Hdj-2 and anti-Hdj-1, were used at 1:1000 dilution and 
anti-Hsc70, anti-Hsp70, anti-HspoO, anti-Hspl05 and anti- 
Hsp90a were used at 1:250 dilution. Secondary antibodies 
conjugated with Cy3 were used at 1:1000 dilution. Samples 
were observed using a confocal microscope (Fluoview; 
Olympus, Tokyo, Japan) and digital images were assembled 
using Adobe Photoshop. For immunofluorescence staining of 
various chaperones and ubiquitin in the transgenic mouse brain 
sections, the sections were fixed and incubated with different 
primary antibody in a similar manner to that described for the 
irnmunohistochemistry. The appropriate FTTC- or Cy3- 
conjugated secondary antibody was used to visualize the 
expression and localization. In some experiments, nuclei were 
counterstained with propidium iodide. 

Irnmunohistochemistry 

The frozen brains mounted on Tissue- Tek were sectioned in 
freezing microtome to 20 [im thickness. Sections were fixed 
with 4% paraformaldehyde in PBS for 20 min, washed several 
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times, blocked with 5% non-fat dried milk for 1 b and then 
incubated overnight with primary antibody. Staining was 
carried out using ABC Elite kit (Vector). Briefly, after primary 
antibody incubation, sections were washed and incubated for 
1 h at room temperature with the appropriate biotinylated 
secondary antibody, washed, incubated with ABC reagent, 
washed, exposed for several minutes to DAB substrate, 
washed, dehydrated, cleared and mounted. Dilutions of the 
different primary antibodies used were the same as described 
for immunofluorescence. 

Ttansfections, quantitation of aggregate formation and cdl 
viability 

Transfection of various chaperones (2 ^g/well each) was 
carried out in 60 mm tissue cultured plates using Upo- 
fectamine 2000 (Life Technologies) according to the manufac- 
turer' s instructions. Twenty-four hours after transfection, cells 
were collected, counted by Trypan blue and re-plated into the 
chamber slides (for counting aggregation) or 96-well tissue 
cultured plates (for cell viability assay). Forty-eight hours post- 
transfection, cells were treated with dbc AMP and ponasterone 
A. For counting aggregation, 1 x 10 3 cells were seeded into 
each well of the chamber slides and, for cell viability assay, 
5 x 10 3 cells were seeded into each well of 96-well plates. Both 
aggregate formation and cell viability were monitored at 
different time-points. Aggregate formation was manually 
counted under a fluorescence microscope and the cells 
containing more than one aggregate were considered to have a 
single aggregate. Cell viability was determined using the 
3-(4,5-dimethylthiazol-2-yl>2,5-diphenyl tetrazolium bromide 
(MTT) assay described previously (39). Statistical analysis 
was performed using paired /-test, with P < 0.05 considered 
statistically significant 

In other experiments, we transiently transfected 0.5 Hg of 
pIND-tNhtt-EGFP-150Q along with different concentrations 
of various chaperones (0.5-2 \ig) into mouse Neuro2a cells 
stably transfected with pVgRXR which express a functional 
ecdysone receptor. Twenty-four hours after transfection, cells 
were differentiated with 5 mM dbcAMP and induced with 
1 \LM of ponasterone A. At 24 h post-transfection, cells were 
processed for immunofluorescence staining of Hdj-1 and 
Hsc70 using V5 antibody. The appropriate Cy3-conjugated 
secondary antibody was used to visualize the transfected cells. 
The number of aggregates was counted using -100 transfected 
cells for quantitative estimation. 
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Spinal and bulbar muscular atrophy (SBMA) is one of 
a group of human inherited neurodegenerative diseases 
caused by polyglutamine expansion. We have previously 
demonstrated that the SBMA gene product, the andro- 
gen receptor protein, is toxic and aggregates when trun- 
cated. Heat shock proteins function as molecular chap- 
erones, which recognize and renaturate misfolded 
protein (aggregate). We thus assessed the effect of a 
variety of chaperones in a cultured neuronal cell model 
of SBMA. Overexpression of chaperones reduces aggre- 
gate formation and suppresses apoptosis in a cultured 
neuronal cell model of SBMA to differing degrees de- 
pending on the chaperones and their combinations* 
Combination of Hsp70 and Hsp40 was the most effective 
amon g the chaperones in reducing aggregate formation 
and providing cellular protection, reflecting that Hsp70 
and Hsp40 act together in chaperoning mutant and dis- 
abled proteins. Although Hdj2/Hsdj chaperone has been 
previously reported to suppress expanded polyglu- 
tamine tract-formed aggregate, Hsdj/Hdj2 showed little 
effect in our system. These findings indicate that chap- 
erones may be one of the key factors in the developing of 
CAG repeat disease and suggested that increasing ex- 
pression level or enhancing the function of chaperones 
will provide an avenue for the treatment of CAG repeat 



Spinal and bulbar muscular atrophy (SBMA) 1 is an X-linked 
neurodegenerative disease caused by the expansion of a CAG 
repeat in the first exon of the androgen receptor (AR) gene (1). 
In SBMA patients, a normally polymorphic GAG repeat (10-36 
pAGs) expands to 38-66 CAGs. The number of CAGs is in- 
versely correlated with the age of onset of the disease (2-4). To 
date, seven other CAG repeat diseases have been identified, 
including Huntington's disease (5), dentatorubralpallidoluy- 
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sian atrophy (6, 7), and five spinocerebellar ataxias: 1, 2, 3, 6, 
and 7) (8—14). These disorders likely share a common patho- 
genesis involving the gain of a toxic function associated with 
the expanded polyglutamine tract. 

Processing of the polyglutamine-containing disease protein 
by proteases (eg. caspase family) may liberate truncated frag- 
ments with the polyglutamine tract (16—18). Truncated pro- 
teins with the expanded polyglutamine tracts cause neurode- 
generation in transgenic mice as well as Drosophila and cause 
cell death in transfected cells (19-24). In addition to cellular 
toxicity, truncated proteins with the expanded polyglutamine 
tracts have been shown to form aggregates, likely through 
hydrogen bonding or trans glutaminase activity (25-27). Stud- 
ies of CAG repeat disease patients and transgenic mice have 
revealed that nuclear inclusions formed by the disease protein 
are a common pathological feature of these diseases (23, 28-31, 
33, 34). In SBMA, nuclear inclusions containing AR protein 
have been mainly observed in the regions of SBMA central 
nervous system susceptible to degeneration, including the 
brain stem motor nuclei and spinal motor neurons (33, 34). The 
finding that nuclear inclusions are ubiquitinated raises the 
possibility that alterations in the major intracellular system for 
degrading proteins, the ubiqui tin-pro teas ome pathway, may be 
involved in the pathogenesis of CAG repeat diseases. The pro- 
teasome is a large multicatalytic protease complex that is crit- 
ical for many cellular processes including cell cycle control, 
differentiation, antigen presentation, and cell survival (35). 
Perturbations in proteasome function are associated with al- 
tered expression levels of stress response or heat shock proteins 
(36). These proteins function as molecular chaperones, which 
recognize and renaturate misfolded proteins under normal and 
stressed conditions. In addition, chaperones may maintain pro- 
teins in an appropriate conformation (37). Recently, overex- 
pression of HdJ-2/Hsdj has been reported to decrease aggregate 
formation by expanded polyglutamine tract (3d, 39). It has been 
postulated that the Hsp70 and the Hsp40 chaperone family 
members act together to promote cellular protein folding and 
renaturate misfolded protein (40-42). We hypothesized that 
the ability of Hsp70 and Hsp40 chaperones to facilitate refold- 
ing or proteolysis of mutant protein may be a key factor for 
neuronal cells to defend themselves against the toxic properties 
of expanded polyglutamine tract The studies reported here 
demonstrate that overexpression of chaperones, especially a 
combination of Hsp70 and Hap40, reduces aggregate formation 
and apoptosis in cultured neuronal celk expressing truncated 
androgen receptor protein with an expanded polyglutamine 
tract. 
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Fig. L Subcellular localization of expanded and truncated AR 
in Neoro2a cells. Transient expression of expanded and truncated AR 
(0.4 fig of DNA/well) in Neuro2a cell (20,000 cells/well) was accom- 
plished by transection with Effectene (Qiagen) in a 4-chamber slide. 
Overlay of the two images taken by laser confocal microscopy at 48 h 
after tranafection. a and e, cells tranafected with expanded and trun- 
cated AR-GFP (tAR97-GFP) contain tAR97-GFP aggregates. Some ag- 
gregates localized to nuclear (yellow), and others localized to cytoplasm 
(green), 6, cells traiisfected with truncated AR-GFP (tAR24-GFP) show 
GFP signal localized to cytoplasm (green) (counter-stained with pro- 
pidium iodide). 

y. EXPERIMENTAL PROCEDURES 

Plasmid Constructs 

• Truncated AR — Human AR cDNAs containing 24 or 97 GAO repeats 
(18) were subcloned into pcDNAS.l (Invitrogen, Carlsbad, CA). After 
the constructs were digested with AflU and blunt-ended, the polymer- 
ase chain reaction-amplified coding sequence of GFP (0.8 fcilobase) was 
inserted into the digested constructs to create truncated AR constructs 
(24 CAG repeats, 216 N-terminal amino acids; 97 CAG repeats, 442 
N-terminal amino acids of AR). 

Chaperoned — Construction of pCMV-Hsp70 was described as previ- 
ously (41). For the construction of pRC-Hsp40, a 1.5-kilobase EeoRl 
fragment containing the entire coding region of human Hsp40 (43) was 
excised from the cDNA clone and subcloned in pRC/CMV (Invitrogen). 
For the construction of pRC-Hsdj, the polymerase rh sm reaction-am- 
plified coding sequence of Hsdj (1.1 kilobase) (44) was subcloned in 
pRC/CMV. All the constructs used here were confirmed by DNA se- 
quence analysis. 

Antibodies 

Anti-Hsp70 Ab (rabbit polyclonal IgG) (46) and anti-Hsp40 Ab (rabbit 
polyclonal IgG) (46) were previously described. To raise an antibody 
against human Hsqj (anti-Hsdj Ab), a 60 K-terminal amino acid-deleted 
Hsdj recombinant protein was used for immunization in rabbit and 
affinity-purified . Q Anti-hemagglutinin Ab (Santa Cruz Biotechnology, 
Santa Cruz, CA), anti-rabbit IgG conjugated with Cy-3 (Amersham 
Pharmacia Biotech), and anti-rabbit IgG conjugated with horseradish 
peroxidase (Amersham Pharmacia Biotech) were employed. 

/mm unafluorescence 
Transient expression of truncated AR and/or chaperonea in Neuro2a 
pell line (mouse neuroblastoma cell) was accomplished by tranafection 
With Effectene (Qiagen) in a four-chamber slide (Nalge Nunc Interna- 
tional, NaperviUo, IL) coated with rat tail collagen (Roche Diagnostics 
GmbH, Mannheim, Germany) in Dulbecco'a modified Eagle's medium 
(Life Technologies, Inc.) supplemented with 10% fetal calf eerum. After 
overnight incubation with tranafection reagents, tranafected cells were 
cultured in differentiation medium (Dulbecco's modified Eagle's me- 



2 K. Ohtauka and M. Hata, manuscript in preparation. 
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24 48 72 

Post-transfection period (hour) 

Fig. 2. Frequency of cells with aggregate, nuclear aggregate, 
or apoptoais in transfectirig NeuroSa cells with tAR-GFP con- 
structs. A, total aggregate-positive cells that contain aggregates cyto- 
plasm and/or nucleus. B, rme^p^f aggregate-positive cells that contain 
nuclear aggregate with/without cytoplasmic aggregates. C, apoptotic 
cells that are TUNEL-pcsitive. Values are the means ± S.E. 





Fig. 3. Nuclear aggregate containing cell* are preferentially 
positive in TONEL assay* TUNEL assay was performed at 48 h after 
tranafection of tAR97-GFP construct, a and c, arrowheads mdicato 
nuclear aggregate containing cells (a), which were also positive in 
TUNEL assay (c). b and a\ arrows point to cytoplasmic aggregate 
containing cells (6), which were negative in TUNEL assay (d) (counter- 
stained with Hoechst3S268). 

dium supplemented with 29b fetal calf serum and 20 um retinoic acid). 
At each time point (0, 24, 48, and 72 h) after tranafection, cells were 
fixed with methanol for 6 min at room temperature, followed by counter 
staining with propidium iodide (Molecular Probes, Eugene, OR) and 
mounted in Gelvatol 
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Hsp70, Hsp40 or Haaj were detected with anti-Hap70 Ab (1:100), 
antL-Hsp40 Ab (1:100), or anti-Hsdj Ab (1:10), respectively, incubated at 
4 °G for overnight, and subsequently stained with anti-rabbit IgG con- 
jugated with Cy-8. Counter stain was done with Hoechst33258 (Molec- 
ular Probes) or TOTO-3 (Molecular Probes). 

Quantitative Analysis of TUNEL Assay and 
I Truncated AR Aggregate Formation 

'■- The cells were assayed for the presence of fragmented DNA by 
TUNEL assay using a DeadEnd™ Apoptosia Detection Kit (Promega, 
Madison, WI) according to the manufacturer's protocol with minor 
modification. Briefly, cells were fixed with 4% paraformaldehyde at 
each time point (0, 24, 48, and 72 h) after tranafectioii. Fixed cells were 
incubated with terminal deoxynucleotidyi transferase to be incorpo- 
rated with biotinyiated deaxynucleotides, subsequently stained with 
Streptavidin-Texas Bed conjugate (life Technologies, Inc.) and Ho- 
echat33268. A laser confocal scan microeoope (MRC1024, Bio-Bad) and 
a conventional fluorescent niicroscope were used for quantitative anal- 
ysis. Duplicate slides were graded blindly in two independent trials. 
Each sHde had over 200 transfected cells. Cells were categorized by 
localization of aggregates: total aggregate-positive, which are cells con- 
taining aggregates in cytoplasm and/or nucleus, and nuclear aggregate- 
positive, which are cells containing aggregates in nucleus. The fre- 
quency was calculated as the number of indicated signal-positive cells 
divided by that of GFP-pcaiuve cells. 

Western Blots 

48 h after transection, cells were lysed in RIPA buffer (60 mM Tris, 
160 mM NaCI, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate, 10 ^g/ml 
aprotinin). Insoluble debris was pelleted, and the protein concentration 
of the supernatant was determined using a DC protein assay (Bio-Rad). 
A 20-pg sample was electrophoresed on a standard sodium dodecyl 
sulfate-polyaa^amide gel and transferred to Hybond-P (Amersham 
Pharmacia Biotech). Blots were probed with the indicated antibodies 
using standard techniques and developed with enhanced chemilumi- 
nescence reagents (Amersham Pharmacia Biotech). The signal inten- 
sity was quantified by densitometry. Relative signal intensity (RiU.) 
was computed as the signal intensity of indicated lanes divided by that 
of nontransfected cells. 

Proliferation Assay 

Neuro2a cells (600,000 cells/60-mm culture dish) were co transfected 
with truncated ARa (tAR24 or tAR97) and chaperones as described 
above. Cells were plated at a density of 5,000/well in 96-well dish just 
after tranafection. Transfected cells were cultured in 100 /il/well of 
differentiation medium. 20 jJ/well of CellTiter 96® Aqueous One Solu- 
tion (Promega) was added at each time point (0, 24, 48, and 72 h) after 
transaction. After 4 h of incubation at 37 °C, the absorbance at 490 nm 
was recorded using an enzyme-linked immunosorbent assay plate 
reader. The background absorbance of medium alone was subtracted 



from these data. The proliferation index was calculated as the mean 
absorbance of cells at the indicated time point divided by the mean 
absorbance of cells just after tranafection. 

In Vitro Aggregation Assay 

GST-tAR66-HA was purified as described previously (24). Construc- 
tion of His-tagged human Hsp40 was as described (40) and expressed in 
Escherichia coli strain BL21. Cells were grown at 87 °C to around 0. Bat 
Aeoo and induced for 2 h with 1 nm xsopropyl-p-o-thiogalactopyanoside. 
His-Hsp40 was purified with TALON kit (CLONTECH, Palo Alto, CA) 
according to a manufacture's protocol. A lmrfa»™l expression plnnTrrid 
pTE-Hac70, which contains human heat shock cognate 70 (Hsc70) 
cDNA, was a kind gift of Dr. N. Imamoto (Osaka University, Osaka, 
Japan). Hsc-70 was purified as described previously (47). 

5 pmol of GST-tAR65-HA was incubated with 100 pu of recombinant 
Hsc70 and/or Hsp40 in reaction buffer (100 mM Trie-HCl, pH 7£, 100 
mM NaCI, 10 mM dithiothreitol, 5 mM ATP, and S mM MgCy. The 
mixture was incubated at 37 °C for 30 min, terminated with equal 
amount of 2X SDS 1>f»nvrT)ti loading buffer and subjected to Western 
blot as described above. The signal intensity was quantified by densi- 




Fiq. 4. Coloealization of endogenous chaperones with potygtu- 
tamine-formed aggregates. Overlay of the three images taken by 
laser confocal microscopy at 48 h after tranafection. Arrows point to 
nuclear aggregates, and arrowheads indicate cytoplasmic aggregates. 
Hsp70 {a), Hsp40 (6), and HsdjlHdj2 (c) colocalxzed to nuclear aggre- 
gates (white) and cytoplasmic aggregates (yellow), respectively. In ad- 
dition, endogenous chaperones (red) preferentially existed in cytoplasm. 
d\ control sample stained with second antibody alone did not show any 
nonspecific signals (counter-stained with TOTO-3). 



Fig. 5. Suppression of polygfa- 
tamine-f armed aggregation in cells 
overexpressing chaperones. Transient 
expression of expanded and truncated AR 
(0.2 ug of DNASwell) and chaperones or 
empty vector (0.2 pg of DNAAveU) in 
Neuro2a call (20,000 cells/well) was ac- 
complished by tranafection with Effectene 
(Qiagen) in a four-chamber slide. Overlay 
of the two images taken by laser confocal 
microscopy at 48 h after transfection. 
Cells were cotransfected with tAR97-CFP 
and empty vector (a), cotransfected with 
IAB97-GFP and Hsp70 (6), cotransfected 
with tAR97-GFP and Hap4fl (c), cotrans- 
fected with tAR97-OFP and Hsdj/H4j2 
(d), cotransfected with IAR97-GPP and 
fisp7Q/Hsp40 (e), or cotransfected with 
tAR97-GFP and Hflp7Q7Hsdj (f). Cells co- 
transfected with IAR97-GFP and HBp7Q/ 
Hsp40 or Hsp70 demonstrated diffuse 
distribution pattern of tAR97-GPP rather 
than aggregated pattern (counter-3tained 
with propidium iodide). 
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Fig. 6. Frequency of cells with aggregate, nuclear aggregate, 
or apoptosis in co transecting Neuro2a cells with tAB-GFP and 
chaperones. A, total aggregate-positive cella that contain aggregates 
cytoplasm and/or nucleus. B, nuclear aggregate-positive cells that con- 
tain nuclear aggregate with/without cytoplasmic aggregates. C, 
TUNEL-positive cells. ♦ , tAR24; tAR97; A, +Hsp70; +Hap40; 
+HSD/J; A, -t-Hsp70/40; O, +Hap70/HSDJ. 

tome try. Aggregate index was computed as the signal intensity of 
aggregate band divided by that of monomer band. 

Statistical Analysis 

Results were analyzed using analysis of variance and Student's t test 
if appropriate from Statview software version 5. 

RESULTS 

A Neuronal Cultured Cell Model of SBMA— We first exam- 
ined whether truncated and expanded AR (tAR97) forms ag- 
gregate and is toxic to Neuro2a cell line. Transient expression 
of tAR97 induced aggregate formation in cytoplasm and/or 
nucleus and cellular toxicity in Neuro2a cell line (Figs. 1 and 2). 
72 h after transfectioii, over 90% of transacted cells (92.8 ± 
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0 24 48 72 

Post-transfection period (hour) 

Fig. 7. Proliferation assay of eotransfecting NenroSa cells 
with tAILGFP and chaperones. control; 0,tAR24;B, tAR97; A, 
+Hsp70; +Hsdj; •, +Hsp40; A, +Hsp7G/40; O, +Hsp70/Hsdj. 

1.1%) had aggregates. As for the localization of aggregate, the 
longer the cells transfected with tAH97 were cultured, the 
larger the proportion of nuclear aggregate-positive cells was. 
72 h after transfection, more than 80% of transacted cells 
(86.4 ± 1.6%) had nuclear aggregates (Fig. 2B). Moreover, most 
of the apoptotic cells had nuclear aggregates, whereas cells 
containing cytoplasmic aggregate alone had few apoptotic cells 
(Fig. 3). In contrast, the cells transfected with tAR24 had few 
aggregates and few apoptotic cells (Figs. 1 and 2). The neuronal 
cultured cell model has shown nuclear aggregates, which are 
pathological hallmark of CAG repeat disease, and an apoptosis, 
which might be mediated by cellular toxicity of expanded poly- 
glutamine tract. These results indicate that this neuronal cul- 
tured cell model could be utilized as a cell model of SBMA. We 
thus employed this cell model for further studies. 

Endogenous Chaperones Are Colocalized with Expanded and 
Truncated AR-formed Aggregates— We next assessed whether 
chaperones are colocalized with tAR97-fbrmed aggregates in 
our neuronal cell model of SBMA. Endogenous chaperones in 
tAB97-transfected and nontransfected Neuro2a cells were dis- 
cernible predominantly in cytoplasm with limited nuclear 
staining. Laser confbcal microscopic analysis has demonstrated 
that the endogenous chaperones Hsp70, Hsp40, and Hsc^j are 
up-regulated in the cells containing aggregates and dearly 
colocalized with aggregates irrespective of the localization of 
aggregate (Fig. 4). These data had suggested that the cells 
transfected with tAR97 induce the expression levels of chaper- 
ones to protect themselves against a cellular toxicity of ex- 
panded polyglut amine tract. However, the amount of induced 
endogenous chaperones might be insufficient to protect them- 
selves, because the suppression of protein aggregation by chap- 
erone requires a relatively large molar excess of chaperones 
(48). 

Overexpression of Chaperones Reduces Aggregate Formation 
and Apoptosis Induced by Expanded and Truncated AR— To 
determine whether a sufficient amount of chaperones could be 
effective to protect cells against a cellular toxicity of expanded 
polyglutamine tract, we had overexpressed chaperones in co- 
transfection with tAR97 in the cell model of SBMA. Overex- 
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Fig. 8. Expression level* of chaperones In the cotransfeeted 
experiments. Western blotting analysis revealed the expression level 
of Hsp70 (A), Hep 40 (B\ and Hs^j/H^S (C). tone 7, nontranafected 
Neuro2a cells; lane 2, cells transfected with IAR24-GFP construct; lane 
3, cells tranafected with tAK97-GFP construct; lane 4, cells cotrans- 
feeted with IAR24-GFP and Hap70; lane 5, cells cotransfeeted with 
IAR97-GFP and Hsp40; lane 6, cells cotransfeeted withtAR97-GFP and 
frsdj/Hdj2; lane 7, cells cotransfeeted with tAR97-GFP and Hsp70/ 
Hsp40; lane 6, cells <wtransfected with tAR97-GFP and Hap70/Hsdj. 
R&X was computed as the signal intensity of indicated lanes divided by 
that of nontransfected cells. 

pression of both Hsp70 and Hsp40 or Hsp70 alone significantly 
reduces both aggregate formation and cell death, whereas over- 
expression of Hsdj/Hdj2 alone shows little effect. Especially, 
Hsp70 and Hsp40 in combination displayed the strongest ef- 
fects in both the reduction of aggregate formation and the 
suppression of apoptosis (Figs. 5 and 6 and Table I). In addi- 
tion, overexpression of both Hsp70 and Hsdj/Hdj2 or Hsp40 
alone was less effective to reduce aggregate formation and cell 
death than overexpression of both Hsp70 and Hsp40 or Hsp70 
alone. Furthermore, there was a parallel correlation between 
the reduction of aggregate formation and the suppression of 
apoptosis in these cotransfeeted experiments. 

We further examined whether chaperones reduce a tAR97- 
induced cellular toxicity. Proliferation assay revealed that cells 
cotransfeeted with both Hsp70 and Hsp40 or with Hsp70 alone 
were more proliferative than the cells cotransfeeted with other 
chaperones ip < 0.05 at 48 h after transfection by analysis of 
variance; Fig. 7). In addition, chaperones and their combina- 
tions showed neither cellular toxicity nor proliferative effect 
when transfected with chaperones alone in this proliferative 
assay (data not shown). 

| Expression Levels of Chaperones in the Cotransfeeted Exper- 
iments— Vfe next examined expression levels of chaperones in 
the cotransfeeted experiment. Although nontransfected 
Neuro2a cells expressed a small quantity of Hsp70 f Hsp40, and 
Hsdj/H^j 2 (lanes 1 in Fig. 8, A, B t and C, respectively), cells 
transfected with tAR24 had a large quantity of chaperones 
(Hsp70 (2.0 R.S.L), Hsp40 (7.0 R.SX), and Hadj/Hdj2 (3.3 
ItS J.); lanes 2 in Fig. 8, A, B, and C, respectively). Moreover, 
cells transfected with tAR97 expressed a larger quantity of 
chaperones (Hsp70 (10.7 R.SX), Hsp40 (15.0 R.SX), and Hsdj/ 
Hdj2 (10.7 R.SX); lanes 3 in Fig. 8 f A, B, and C, respectively). 
Cells cotransfeeted with expanded and tAR97 and Hsp70 
and/or Hsp40 have shown a much larger quantity of Hsp70 or 
Hsp40 (Hsp70, lanes 4 (32.6 R.SX), 7 (33.4 R.S.I.), and 8 (36.4 



A 




Fig. 9. In vitro aggregation assay. Purified GST4AR66-HA pro- 
tein was incubated with indicated chaperones (20>fbld molar excess), 
followed by Western blotting analysis. A, ngwmplp 0 f blot. Lane 2, 
incubation with no additive; Lane 2, with bovine serum albumin; lane 3, 
with Hec70; lane 4, with Hsp40; lane 5, with Hsp7a/Hsp40. Closed 
arrowhead points to aggregates of GST-tAR66-HA, and open triangle 
indicates monomers. B, aggregate index. Values are the means ± S.E. 
a, p < 0.01 versus control and bovine aerom albumin by Student's t teat. 

R.S.L) in Fig. 8A; Hsp40> lanes 5 (24.2 R.S.L) and 7 (23.3 R.S.I.) 
in Fig. 8S); however, cells cotransfeeted with Hsog/Hdj2 have 
demonstrated relatively low overexpression of Hsc[j/Hc[j2 com- 
pared with others (Hs4j/Hdj2, lanes 6 (12.7 R.SJ ) and 8 (15.2 
R.SX)inKg. 8C). 

Chaperones Decrease in Vitro Aggregation of Expanded Poly- 
glutamine Tract— We previously reported that expanded poly- 
glut amine tract forms aggregates in vitro in a polyglutamine 
length-dependent manner (24). We next assessed the ability of 
Hsc70 and Hep40 to reduce in vitro aggregation of expanded 
and truncated AR (tAR65) using our in vitro aggregation sys- 
tem. As expected, 20-fold molar excess of Hsc70 and Hsp40 or 
Hsc70 alone effectively suppressed in vitro aggregation of 
tAR65 (Hsc70/Hsp40 versus bovine serum albumin, p < 0.01; 
Hsc70 versus bovine serum albumin, p < 0.01 by Student's t 
test) (Fig. 9). However, Hsp40 alone has little ability to sup- 
press aggregation, 

DISCUSSION 

The present study first demonstrated that overexpression of 
chaperones, especially combination of Hsp70 and Hsp40, re- 
duce cytotoxicity and aggregate formation induced by expanded 
polyglutamine tract in our cultured neuronal cell model of 
SB MA These findings suggest that the chaperones may be one 
of the key motors in the development of CAG repeat disease. 

We previously reported that a truncated and expanded AR 
forms aggregate and is toxic to Cos-7 and MN-1 cells (24). In 
addition, we observed nuclear inclusions in SBMA (33, 34). In 
other CAG repeat diseases, truncated and expanded polyglu- 
tamine fragments of disease proteins have been also shown to 
form aggregates and have toxicity in transfected cells, trans- 
genic mice, and flies (19-24). However, the role of aggregates 
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Table I 

Frequency of cells with aggregate, nuclear aggregate, or apoptosis in 

cotransfecting Neura2a cells with tAR-GFP and chaperones 
Values are the means ± S J!. 



Construct 



Aggregate-positive cell 

tAR24+emp vector 

tAR97+emp vector 

tAR97+Hsp70 
. tAR97+Hsp40 
£ tAB97+Hsdj 
i- tAR97+Hsp70/40 
; tAR97+Hflp70/Hady 
Nuclear aggregate positive cell 

tAR24+emp vector 

tAR97+ emp vector 

tAR97+Hsp70 

tAR97+Hsp40 

tAB97+Hsd^ 

tAR97+Hsp7Q/4Q 

tAR97+Hsp70yiIa4j 
Apoptotic cell 

tAR24+emp vector 

tAR97+emp vector 

tAR97+Hsp70 

tAR97+Hsp40 

tAR97+Hadj 

tAR97+Hap7Q/40 

tAR97+Hsp70/Il8$j 



Post-tranafbction period 
24 h* 48 h* 73 h B 



±0.0 


0.0 




0.0 


0.0 


±0.0 


±3.0 


74.6 




2.4 


92,8 


±1.1 


±2.8 


S8.7 




3.8° 


46.9 


±0.8* 


±0.0 


5S.6 




2.r 


68.8 


±2^ 


±2.7 fr 


76.2 




1.9 


9L6 


± 1.4 


±0.6 


26.9 




2.8* 


33.3 


±7.9" 


± 1.3 


61.9 




2.6" 


64.4 


±13.7 


±0.0 


0.0 


+ 


0.0 


0.0 


±0.0 


± 1.8 


46.8 


+ 


1.0 


86.4 


± 1.6 


± 1.4 


18.3 


+ 


1-5° 


32.4 


± 2.9° 


±0.1 


19.8 




2,5" 


43.9 


±a.6F 


± 3.7° 


52.1 


4- 


0.8° 


76.6 


± 1.8 s 


±0.0 


i&8 




0.4° 


19.0 


± 3.8= 


±2.1 


3L7 




8.7° 


44.4 


±9.6* 


+ 0.0 


0.5 




0.8 


0.0 


± 0.0 


±0.0 


10.8 




0.1 


7.7 


±0.2 


±0.0 


5.6 


± 


0.2? 


1.7 


±o.r 


±0.0 


9.0 


± 


O^ 


8.6 


±2.1 


± 0.2 


14.3 


± 


2.1 


7.1 


±0.4 


±0.0 


4.6 




1.1* 


0.9 


±0.6* 


±0.0 


7.8 


+ 




1.8 


±0.1* 



0.0 
8.4 
7.3 
2.6 

29.4 
8.2 

16.9 

0.0 
4.6 
3.6 
0.7 

23.4 
1.6 

10.8 

0.0 
0.0 
0.0 
0.0 
0.4 
0.0 
0.0 



a p < 0.06 by analysis of variance. 

h p < 0.05 versus cells transfected with tAR97 and empty vector at the 
same time point. 

c p > 0.01 versus cells transfected with tAR97 and empty vector at the 
same time point 

in the pathogenesis of CAG repeat diseases is controversial (23, 
49). The relationship between aggregate formation, particu- 
larly in the nucleus, and induction of apoptosis still remains to 
be resolved. Our results reveal that combination Hsp70 and 
Hap40 or Hap 70 alone has a favorable effect in a cellular 
protection as well as suppression of aggregate formation and 
feat combination of Hsp70 and Hsp40, especially, has the 
Strongest effect among them. Our results were in accordance 
with the reports that the chaperone function of Hsp70 is criti- 
cally dependent on the cooperation with Hsp40 (40, 41, 42). The 
chaperone activity of Hsp70 family is regulated by Hsp70 
ATPase activity (52), and Hsp40 stimulates the Hsp70 ATPase 
by increasing the rate of ATP hydrolysis (40). In other confor- 
mational diseases, the study about mutant copper/zinc super- 
oxide dismutaae (SOD-1)- associated amyotrophic lateral scle- 
rosis also displayed that increasing the level of Hsp70 reduced 
formation of mutant SOD-containing aggregates in cultured 
primary motor neurons expressing mutant SOD-1 and pro- 
longed their survival (61). It is therefore reasonable to consider 
that disease gene product-formed aggregates are directly asso- 
ciated with the induction of neurodegenaration in CAG repeat 
disease and other conformation diseases. We thus reasoned 
that overexpression of both Hsp70 and Hsp40 chaperones re- 
duce cytotoxicity induced by aggregate formation with disease 
gene product in CAG repeat disease and other conformation 
diseases. 

The question is the molecular mechanism for the reduction of 
cytotoxicity through inhibition of expanded and truncated AR- 
formed aggregate by overexpression of chaperones. Although it 
has been proposed that expanded polygiutamine tract-formed 
aggregates participate in inappropriate protein-protein inter- 
actions that lead to ceil death, the nature of such interactions 
and the mechanism by which cell death is induced remain 
unclear. Molecular chaperones could be involved in the actual 
formation of expanded polygiutamine tract-formed aggregates 



by stabilizing the unfolded protein in an intermediate confor- 
mation that has the propensity to interact with self or other 
proteins. To date, several proteins interacting with polygiu- 
tamine tract^ntaining disease gene product have been cloned, 
including huntingtin-associated protein (53), huntingtin-inter- 
acting protein (54), glyceraldabyde-3-phosphate dehydrogen- 
ase (55), leucine-rich acidic nuclear protein (56), and PQBP-1 
(polygiutamine tract-binding protein-1) (57). These interacting 
proteins are candidate players in the pathogenesis of CAG 
repeat disease. Chaperones might reduce cytotoxicity of ex- 
panded and truncated AR through inhibiting the interaction of 
expanded polyglutainine-formed aggregate with these proteins. 

Another possibility is that overexpression of chaperones is 
enhancing the function of the ubiquitin-proteasome pathway 
for mutant protein degradation because the function of the 
ubiquitin-proteasome pathway is related with the expression 
level of chaperones (36). Nuclear aggregates are ubiquitinated 
and are colocalized with chaperones and proteasome, implicat- 
ing the ubiquitin-proteasome degradation pathway in the 
pathogenesis of CAG repeat disease (33, 34, 38, 68). The report 
that the inhibition of proteasome function accelerates aggre- 
gate formation by polygiutamine tract also implies the ubiq- 
uitin-proteasome degradation pathway plays a direct role in 
modulating aggregation in CAG repeat disease (58). In Alzhei- 
mer's disease, one of the conformational disease, amyloid £-pro- 
tein, which is a major component of senile plaque, could inter- 
fore with ubiquitin-dependent protein degradation pathway by 
inhibiting the 26 S proteasome. Consequently, it may lead to 
neuronal damage observed in Alzheimer's disease (59). Simi- 
larly, expanded polygluteniine tract would interfere with ubiq- 
uitindependent protein degradation pathway and lead to neu- 
ronal damage in CAG repeat disease. Thus overexpression of 
chaperones would enhance the function of proteasome, leading 
to protecting cells expressing truncated and expanded AR 
against a cellular toxicity of expanded polygiutamine tract. 

Recently, there are reports that overexpression of Hsdj/Hdj2 
in HeLa cells decreases the frequency of mutant ataxin-1 and 
mutant AR aggregation (38, 39); however, overexpression of 
Hsdj/Hdj2 has little effect of reducing aggregate formation and 
providing cellular proliferation in our result. These differences 
of results may arise from tine difference in cell lineage, the 
different origin of Hsdj/HdJ2, or the expression level of Hsdj/ 
Hdj2 in transfected cells. Previous studies used a non-neural 
cell line (HeLa cell), whereas we used a neural cell line 
(Neuro2a). The difference in cell lineages could influence the 
relations of chaperones, aggregation, and cell death. Although 
Hsdj we employed in this study is 99% identical to Hsoj2 
employed in other reports at the level of amino add sequence 
(32, 44), the relationship between Hsdj and Hdj2 remains to be 
studied. Alternatively, ineffectiveness of Hsdj/HcTj2 in our 
study might be explained by relatively low overexpression of 
the protein in comparison with Hsp70 and/or Hap40, as shown 
in Western blotting analysis. 

In contrast to our results, two groups have provided evidence 
against a critical role of intranuclear aggregates in neuronal 
cell death (49, 60). The results opposite to ours could arise from 
the difference of cell type/animal (primary neuron/animal ver- 
sus cell line) or interventions (neurotrophic factors/suppression 
of ubiquitin-conjugating enzyme/inhibition of ataxin-1 self-as- 
sociation versus overexpression of chaperones). However, we 
cannot rule out the possibility that our observation, a parallel 
correlation between the reduction of aggregate formation and 
suppression of apoptosis in our system, might occur coinciden- 
tally. Thus, Haps could reduce aggregate formation as a molec- 
ular chaperone and independently suppress apoptosis in our 
cell system through a different molecular mechanism. Al- 
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bough Hap70 was reported to have an anti-apoptotic effect, the 
mechanism of such effect remains veiled (50). Therefore, dis- 
cussion of this possibility needs to await future studies. 

Finally, die findings described in this report highlight that 
chap er ones play a role in the developing of CAG repeat disease. 
These results suggested that increasing expression level or 
enhancing the function of chaperones provides an avenue for 
the treatment of CAG repeat disease. Further studies of cellu- 
lar and animal models are required to determine the precise 
mechanism of neurodegeneration of CAG repeat disease medi- 
ated by expanded polyglutamine tract as well as therapeutic 
approach. 
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Spinal and bulbar muscular atrophy (SBMA) is a neu- 
rodegenerative disorder caused by the expansion of a 
polyglutamine tract in the androgen receptor (AH). The 
N-terenmal fragment of AR containing Hie expanded 
polyglutamine tract aggregates in cytoplasm and/or in 
nucleus and induces cell death. Some chaperones such 
as Hsp40 and Hsp70 have been identified as important 
regulators of polyglutamine aggregation and/or cell 
death in neuronal cells. Recently, HsplOSa, expressed at 
especially high levels in mammalian brain, has been 
shown to suppress apoptosis in neuronal cells and pre- 
vent the aggregation of protein caused by heat shock in 
vitro* However, its role in polye^uiamine-mediated cell 
death and toxicity has not been studied. In the present 
study, we examined the effects of HsplOSa on the aggre- 
gation and cell toxicity caused by expansion of the poly- 
glutamine tract using a cellular model of SBMA. The 
transient expression of truncated ARs (tARs) containing 
an expanded p olyglutamine tract caused aggregates to 
form in COS-7 and SK-N-SH cells and concomitantly 
apoptosis in the cells with the nuclear aggregates* When 
HsplOSa was overexpressed with tAR97 in the cells, 
Hspl05a was colocalized to aggregates of tAR97, and the 
aggregation and cell toxicity caused by expansion of the 
polyglutamine tract were markedly reduced. Both 
0-sheet and o-helix domains, but not the ATPase do- 
main, of HsplOSa were necessary to suppress the forma- 
tion of aggregates in vivo and in vitro. Furthermore, 
HsplOSa: was found to localize in nuclear inclusions 
formed by ARs containing an expanded polyglutamine 
tract in tissues of patients and transgenic mice with 
SBMA* These findings suggest that overexpression of 
HsplOSa suppresses cell death caused by expansion of 
the polyghitamine tract without chaperone activity, and 
the enhanced expression of the essential domains of 
HsplOSa in brain may provide an effective therapeutic 
approach for CAG repeat diseases. 



Spinal and bulbar muscular atrophy (SBMA) 1 is an X-linked 
motor neuropathy characterized by proximal muscle atrophy, 
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weakness, contraction fasciculation, and bulbar involvement 
(1, 2). In SBMA patients, a normally polymorphic GAG repeat 
(10-36 CAGs) in exon 1 of the androgen receptor (AR) gene 
expands to 40—62 CAGs (3), and nuclear inclusions containing 
mutant and truncated ARs with an expanded polyglutamine 
tract are characteristically found in the residual motor neurons 
in the brain stem and spinal cord (4) as well as in the akin, 
testis, and other visceral organs (5). In addition to SBMA, 
expansions of CAG repeats encoding polyglutamine tractB in 
unrelated proteins are responsible for at least another eight 
different neurodegenerative diseases including Huntington's 
disease (6), dentatorubral pallidoluyaian atrophy (7, 8), 
MachadoJoseph disease (9), and several types of spinocerebel- 
lar ataxia (10-15). All of these disorders show a late onset of 
neurological symptoms with progressive neuronal dysfunction 
and eventual neuronal loss, although the susceptible regions in 
the nervous system differ among the various disorders. The 
appearance of intranuclear aggregates/inclusions in neurons is 
associated with these neurodegenerative diseases. The in- 
tranuclear inclusions contain the insoluble protein aggregates 
of abnormal proteins or their fragments, heat shock proteins, 
and components of the ubiquitin-dependent proteasome degra- 
dation pathway (16, 17). Although the nature of the toxic insult 
of a polyglutamine mutation and its cell-biological conse- 
quences in each disease are unclear, it is possible that the 
polyglutamine expansion interferes with basic cellular pro- 
cesses such as transcription, protein degradation, and survival/ 
death signaling (17). However, the exact role of these protein 
aggregates in polyglutamine pathology is still controversial 
because large polyglutamine aggregates may provide an ad- 
vantage ever small oligomers by exposing less potentially dan- 
gerous protein surfaces (18). The cellular components involved 
in protein folding and degradation are also associated with 
intracellular inclusions in other neurodegenerative diseases 
not caused by polyglutamine expansion, including Alzheimer's, 
Parkinson's, and the prion diseases (19), which suggests that 
common mechanistic principles may underlie these mismlding 
diseases in general. 

A considerable effort has been made to find molecules that 
suppress polyglutamine aggregation and cell death/toxicity for 
therapeutic purposes (20-22). In general, the misfolding and 
aggregation of proteins are prevented by molecular chaperones 
(23, 24). Some molecular chaperones such as heat shock protein 
(Hsp) 70 and Hsp40 have recently been identified as important 
regulators of polyglutamine aggregation and/or cell death in in 



green fluorescent protein; HA, hemagglutinin; PBS, phosphate-buffered 
saline; tAR, truncated androgen receptor; TUNEL, terminal nucleotidyl 
tranfiferaae-mediated UTP nick end labeling. 
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Table I 

f Primers used far construction of expression plasmids for HsplOSa 
deletion mutants 

Expression in mammalian cell 

HsplOSNl (aju 1-392) 

Sense: 5 ' - CGGAGAAAGAATTGCACACTG - 3 ' 
AnUsense: S ' - TCTACAGGGCCCTTOGAACAA - 3 ' 

Hapl06N2 <a.a. 1-511) 

Antiaenae: 5 ' -TCTAGAGGGCCCTTCX3AA.CAA- 3 ' 

Hspl06N3 (a~a. 1-606) 

Sense: 5 ' -TAACTGC CATACCAAGTTGGC - 3 ' 
Antisense: S'-TCTAGAQGQCOCTTOGAACAA-3' 

HaplOSCl <a,a. 605-858) 

Sense: 5 ' - GGGGATC CACCATGCTCGAGGCAGACATGGAATGT - 3 ' 
Antiaenae: 5 ' - GCTCTAGAC CT AGT CCAGGTC CATGTTGAC - 3 ' 

Kepl05C2 (a_a. 511-858) 

SenflK 5 ' -GGGGATC CACCATGCTCGAGGCAGACATGGAATGT- 3 ' 
Antiaenae: 5' -GCTOTAGACCTAGTCCAGGTCCATGTTGAC- 3 ' 

HbpIOSCS <a.a. S86-858) 
Sense: 5 ' - GGGGATC CACCAI&CCGGCATrVPJiP^^ - 3 ' 

Antiaenae: 5 ' -GCTCTAGJVCCTAGT CCAGGTC CATGTTX5AC - 3 ' 

Hapl05A/3 (a.a. 1-392 + a.a. 661-858) 

Senae 5'-CTCX3AGGCAQACATa^TGTCCA-3' 

Antiaenae: 5 ' - agaaagaattgcacactgcagtgcac- 3 ' 

Hspl05A£L (a.a. 1-392 + a.a. 605-858) 

Sense: 5 ' - GGGAGAGACerrCITAACATGTATATTG- 3 ' 
Antisense: 5' -AGAAAGAATTGCACACTGCAGTGCAC- 3 ' 

HsplOSAL (a_a. 1-511 + a*au 605-868) 

Sense: 5 ' - GGC^GAGACCITCIT'AACATGTATATTG - 3 ' 
Antisense: 5'-AGJVGGAGCCATCCTCTTCCTCGGT-3' 
Expression in bacterial cell 

HsplO6A0 

Sense: 5 ' - CrCGAGGCAGACATGGAATGT CCA - 3 ' 
V* Antisense: 5 ' - AGLAAAGAATTGCACACTGa^?TGCAC - 3 ' 
i HsplO5A0L 

Sense: 5 ' -GGGAGAGACCTTCTTAACATGTATATTG-- 3 ' 
; Antiaenae: 5 ' - AGAAAGAATTGCACACTGCAGTGCAC - 3 ' 
HsplOSAL 

Sense: 5 ' - GGGAGAGAC CTTCTTAACATGT ATATTG - 3 ' 
Antisense: 5 ' - AGAGGAGCC^TCCTCTTCCTCGGT - 3 ' 



vitro assays (25), in cultured mammalian cells (26-31), in a 
Drosophila model (32) and in transgenic mice (33, 34). Hsp27 
was also identified as a suppressor of polyglutamine-mediated 
cell death using a cellular model of Huntington's disease (35). 
However, because Hsp7G/40 and Hsp27 suppressed polyglu- 
tamine-mediated death without suppressing polygl utamine ag- 
gregation in some experimental systems (35, 36), elucidation of 
the ways in which Hsps protect cells against polyglutamine 
mutations might be of relevance for other neurodegenerative 
conditions in which pathology is associated with protein depo- 
sition in neuronal cells. 

HsplOSa is highly conserved in organisms from yeast to 
human (37-42) and is expressed in various tissues of mam- 
mals, but especially at high levels in brain (43). Recently, 
Hspl05a was demonstrated to have antiapoptotic properties 
for neuronal survival (44). Furthermore, HsplOSa prevents the 
aggregation of thermal denatured protein in vitro (45). How- 
ever, its role in polyglutamine-mediated cell death/toxicity has 
not been studied. In the present study, we examined die role of 
HsplOSa in the context of polyglutamine aggregation and cell 
death using a cellular model of SBMA and demonstrate that 
Hspl05a without chaperone activity protects cells against poly- 
glutamine-mediated cell death by reducing polyglutamine-pro- 
tein aggregation. These findings suggest an important role for 
Hspl05or in preventing neurodegenerative diseases associated 
with polyglutamine expansions. 

EXPERIMENTAL PROCEDURES 
Plasmida — We used constructs expressing the N-terminal fragment 
of the AR fused to green fluorescence protein (GPP) containing 24, 65, 
or 97 CAG repeats (tAR24, tAR65, and tAR97, respectively) as a cellular 
model of SBMA (29), human Hap70 (pCMV-Hsp70) (46), and Hsp40 
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Fig. L Truncated AR containing an expanded polyghitamlne 
tract is accumulated as aggregates In COM and SK-N-SH cells. 

Expression plasmida far N-terminal fragments of AR containing various 
lengths of polyglutamine tract (tAR24, tAR65, and tAR97 f 0.5 ftg each) 
were transiently introduced into COS-7 (A) or SK-N-SH cells (fl), and 
the cells were incubated further for 72 h. Each upper panel shows 
typical images of fluorescence of GFP which is fused to the C terminus 
of truncated AR, and each lower graph represents the rates of cells with 
aggregates versus GFP-positive cells at various times after transfection. 
Values represent the mean of duplicate experiments. 

(pRC-Hep-40) (29) in mammalian cells. The constructs expressing 
HsplOSa (pcDNA105a) and Myc-epitope/Hia-tagged HsplOSa 
(pcDNA106a-mycHia) in mammalian cells were generated by ligating a 
full-length mouse Hspl05a cDNA (38) into pcDNA3.1 (Invitrogen) at 
BamHl and fiooRI sites and pcDNAS.l(+)-mycHis vector (Invitrogen) 
at Xbal and Kpnl sites, respectively. The constructs expresaing 
Hspl05Nl-NS, A0, AL, and A0L in Tnamrnrtlifln cells were generated by 
eelf-ligation of DNA made by PCR using pcDNAlQSa-mycHis 
(HsplC6Nl-NS) or pcDNAlOSa (HsplOBAp 1 , AL, A0L, and C1-C3) as 
template DNA and a specific set of primers (Table IX 

We used a construct expressing GST- and HA-tagged 1AR65 (GST- 
tAR65-HA) in bacterial colla (47). The constructs expressing HSPlOfia 
deletion mutants in bacterial cells were generated by ligating insert DNA 
made by PCR using pTrcHialGM (46) as a template DNA and a specific 
set of primers (Table I) into pTrcrhsA vector (Invitrogen) at the Kpnl site. 
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Fig. 2. Apaptoafe occurs In cells 
with intranuclear aggregates. A, 
COS- 7 cells were trans fected with the ex- 
pression plaaraid for tAR24 (+ tAR24) or 
tARS7 (+ tAR97) and incubated further 
for 48 or 72 h. Then cells were fixed and 
stained with Hoechst 33342. Rates ofcclk 
with condensed chromatin versus GFP- 
poeitive cells are presented. B, COS-7 
cells were transfected with the expression 
plasmid for tAR97 and incubated further 
for 72 h. Rates of apoptotic cells versus 
cells with aggregates hi nuclei and/or cy- 
toplasms are presented. Values in A and 
B represent the mean ± SJ3. of three 
independent experiments. C, fragmenta- 
tion of DNA in nuclei was evaluated by 
TUNEL methods 72 h after the transfeo- 
tion of tAR87. DTC represents a difference 
interference contrast image of cells. 
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Cell Culture and Transfection — African green monkey kidney cells 
(COS-7) and human neuroblastoma cells (SK-N-SH) were supplied from 
Riken cell bank. COS-7 cells were maintained in Dulbecco's modified 
Eagle'e medium (Nisaui Pharmaceutical) supplemented with 10% fetal 
bovine serum. SK-N-SH cells were maintained in a-minimal essential 
medium (Invitrogen) with 10% fetal bovine serum. For transfection of 
plasmid DNA, cells were grown on coverslips to 70-80% confluence and 
washed twice with Opti-MEM (Invitrogen). Then plasmid DNA was 
transfected into calls with DMRIE-C reagent (Invitrogen) for 14-18 h, 
according to the manufacturer's instructionfi. 

Indirect Immunofluorescence — COS-7 cells grown on coverslips were 
washed with phosphate-buffered saline without Ca 2+ and Mg 2 " 1 " 
(PBS(-)) and fixed with 4% paraformaldehyde for 30 min at room 
temperature. These cells were washed with PBS(— ) and incubated with 
mocking solution containing 3% bovine serum albumin (BSA) in PBS{- ) 
at room temperature for 1 K Then rabbit anti-human Hspl05 (48) or 
mouse anti-Hsp70 monoclonal antibody (Sigma) at a 1:300 dilution was 
added to the coverslips and incubated in a moist chamber at 87 *C for 
1 h. After a wash with PBS(-) I rhodaniine-conjugated goat anti-rabbit 
or mouse IgG antibody (Molecular Probes) at a 1:50 dilution was added 
to the coverslips, and they were incubated further at 37 °C for 1 h. After 
another wash with PBS(— ), cells were observed using a confocal laser 
scanning microscope (Zeiss). 

Analysis of Aggregation in Vivo — COS-7 cells transfected with ex- 
preasion plasmid for tAR24, IAR65, or tAR97 were washed with PBS(- ) 
and fixed with 4% paraformaldehyde for SO min at room temperature. 
Cells on coverslips were washed with PBS(~) and stained with 10 pM 
Hoechst 33S42 for 16 min at room temperature. The cells were washed 
with PBS(-) and then examined using a confocal laser Bcanning micro- 
scope. The number of transfected cells with visible aggregates and the 
number of transfected cells without aggregates were counted independ- 
ently in randomly chosen microscopic fields in different areas of a 

coveralip. Apprcmmately 300-600 tranafected cells were analyzed for 

data in each experiment 

. Detection of the Apoptotic Cells— The apoptotic cells were identified 
by their nuclear morphology and the terminal nucleotidyl trans ferase- 
mediated UTP nick end labeling (TUNEL) method (29). Nuclear mor- 
phology was examined by staining with Hoechst 33342. The TUNEL 
method was performed using a DeadEnd™ apoptosis detection kit (Pro- 
mega) according to the manufacturer's instructions. Briefly, cells were 
fixed with 4% paraformaldehyde at 72 h after transfection. Fixed cells 
were incubated with biotinylated deoxynucleotides, then stained with 



streptavid^m-rhodamine conjugate (Molecular Probes) and Hoechst 
83342. Cells were then observed by confocal laser scan microscopy. 

Western Blotting Analysis — Cells were lysad with a solution contain- 
ing 0.1% SDS at 72 h after transfection. The cellular proteins (15 ug) 
were separated by 7.6% SDS-PAGE and blotted onto a nitrocellulose 
membrane. The membrane was incubated with rabbit anti-human 
Hapl05 (37) or mouse anti-Hsp70 (Sigma) antibody, then incubated 
with horseradish peromdaae-conjugated anti-rabbit IgG (Santa Cruz) 
for HsplOS or anti-mouse IgG (Santa Cruz) for Hsp70 at a 1:2,000 
dilution. These proteins were detected using the enhanced chemilumi- 
nescence (ECL) detection system (Amersham Biosciences). 

Protein Pu7T/icciK77i^-GST-tAR65-HA was expressed in BL21 bacte- 
rial cells on addition of 1 mM iaopropyl-p-D-thiogalactopyrarioside. Cells 
were collected and reauspended in ice-cold TEGM buffer (10 mM Tris- 
HC1, pH 7.4, 1 mM EDTA, 10% glycerol, and 10 mM sodium molybdate). 
Cells were then sonicated for 1 min and centrifuged for 30 min at 
10,000 X g. To purify GST-tagged proteins, the supernatants were 
mixed with gluUthione-Sepharoae 4B (Amersham Biosciences) and in- 
cubated at 4 °C for 1 h. The Sepharose beads were then washed with 
PBS(-) and eluted with 10 mM reduced glutathione. Wild-type 
Hap 106 a and its mutants were purified as His- tagged proteins by 
successive Ni s *-agarose (Invitrogen) and Mono Q anion exchange col- 
umn (Amersham Biosciences) chromatographies , as described previ- 
ously (46). 

Detection of Aggregates of Truncated AR in Vitro — GST-tAH*S5-HA (1 
um) was incubated with Hap 105a, its mutants, or BSA in 20 ul of buffer 
A (26 mM TVis-HCl, pH 7.6, 160 mM NaCl, 1 mMdithiothreitol, and 1 mM 
phenybnethyUulfonyl fluoride) at 30 °C for 12 h in the presence of 2 oim 
ADP. The reaction was stopped by the addition of 20 pi of a solution 
containing 2% SDS and 100 mM dithicthreitol, and the mixtures were 
heated at 98 *C for 6 min After the addition of 200 jil of a 1% SDS 
flotation, the mixture was filtered through a 02- van cellulose acetate 
membrane (Advantec). Aggregates on the membrane were incubated 

with anti-HA tag antibody (1:600, Santa Cruz) then with peroxidase- 
conjugated anti-mouse IgG antibody (1:2000) and detected with an ECL 
detection system (Santa Cruz). 

[mmunohisiochemiatry—Vle perfused 20 ml of a 4% paraformalde- 
hyde fixative In 0.1 M phosphate buffer, pH 7.4, through the left cardiac 
ventricle of SBMA transgenic mice (49) deeply anesthetized with ket- 
amine-xylazine, poatfixed tissues overnight in 10% phraphatebuffered 
formalin, and processed tissues for paraffin embedding. Then, 4-um 
thick tissue sections were deparaffinized, dehydrated with alcohol, and 
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Fig. 8. Localization of HsplOSa and Hsc70/Hsp70 in COS-7 
cells with tAR97 aggregates. A, control COS-7 cells were fixed, end 
endogenous HsplOSa (red) or Hsp70 (red) was detected by indirect 
immunofluorescence using anti-Hapl05 or anti-Hsp70 antibody, respec- 
tively. Nuclear morphology (blue) was detected by staining with Ho- 
echat 83842. B and C, COS-7 cella were trsns&cted with the expression 
plaamid for tAR24 ( + tAR24 ) or tAR97 ( + tAR97) and incubated further 
for 72 h. tAR24 or tAR97 (green) was detected by the green fluorescence 
of GFP, and endogenous HsplO&ot (rod) (B) and Hsp70 (red) (C) wexe 
detected by indirect immunofluorescence. Nuclear morphology (blue) 
waa observed by staining with Hoechst 33842. D, COS-7 cells were 
cotransfected with expression plaaxbids for HsplOSa and tAS24 (+ 
Hsp 105 y + tAE24) or HsplOSa and tAR97 (+ HsplQS, + tAR97) and 
incubated further for 72 h. Nuclear morphology (blue) stained with 
Hoechst 33342 and tAR97 (green) and HsplOSa (red) by indirect immu- 
nofluorescence was observed. 

treated in formic acid for 5 min at room temperature and with trypsin 
(Dako) for 20 min at 37 °C. The tissue sections were blocked with 
normal goat serum ( 1:20) and incubated with rabbit anti-mouse Hsp 105 
antibody (1:100). The sections were incubated with biotinylated goat 
anti-rabbit IgO (Vector Laboratories), and immune complexes were 
visualized using streptavidin-horseradiah peroxidase (Dako) and 3,3'- 
diaminobenzidine (Dojindo) substrate and counterstained with methyl 
green. For the immunohistochemifltry of tissues of SBMA patients, 
paraffin-embedded sections of the spinal cord and scrotal skin from nine 
patients with clinicopathologically and genetically confirmed SBMA. 
(age 61—84 years, mean 64.3 years) were examined using rabbit anti- 
human Hsp 105 antibody (1:100). 

RESULTS 

Aggregation of Truncated AR with an Expanded Polyglu- 
tamine Tract and Induction Apoptosis in COS-7 and SK-N-SH 
Cells— Truncated ARs containing 24, 65, or 97 polyglutamine 
repeats (tAR24, tAR65, or tAR97, respectively) were tran- 
siently expressed in non-neuronal (COS-7) and neuronal cells 
(SK-N-SH) (Fig. 1). Because these tAR constructs were can* 
Hected with GFP at the C terminus, the cellular localization of 
these chimerical peptides was detected by fluorescence micros- 
copy. tAR65 or tAR97, but not tAR24, aggregated in cytoplasm 
and/or nucleus in non-neuronal COS-7 cells as well as neuronal 
SK-N-SH cells, as shown previously in the neuronal Neuro2a 
cell line (29). Proportions of cells with aggregates increased 



depending on the incubation time after transection and poly- 
glutamine repeat length. Approximately 45 and 60% of GFP- 
positive cells had aggregates in the COS-7 and SK-N-SH cell 
lines, respectively, at 72 h after transfection of the expression 
plasmid for tAB97. Among the cells with aggregates of tAR97, 
intranuclear aggregates were detected in 40 and 8% of trans- 
fected COS-7 and SK-N-SH cells, respectively (data not shown). 

Under these conditions, apoptotic cells with condensed chro- 
matin were observed in 12 and 18% of all COS-7 cells express- 
ing GFP at 48 and 72 h after transfection of the expression 
plaamid for tAR97, respectively (Fig. 2A). In contrast! cells 
expressing tAR24 showed little apoptotic morphology after the 
transfection (Fig. 2A). Most apoptotic cells had aggregates of 
tAR97 in the nucleus, whereas cells containing cytoplasmic 
aggregates exhibited few apoptotic features (Fig. 2fi). Further- 
more, when the presence of fragmented DNA was assessed by 
the TUNEL method, the cells with intranuclear aggregates, 
but not cells with cytoplasmic aggregates, were found to be 
positive (Fig. 20. These findings suggested that the intranu- 
clear aggregates induced apoptosis in COS-7 ceDB. Similar re- 
sults were obtained with SK-N-SH cells (data not shown). 
Thus, although both non-neuronal and neuronal cells could be 
utilized as a cell model of SBMA, we used the COS-7 model for 
further study because the cells expressed the transacted plas- 
mids markedly well. 

Colocalization of HsplOSa and Hep70 with Aggregates of 
Truncated AR — We next examined the cellular distribution of 
HsplOSa and Hsp70 in COS-7 cells by indirect immunofluores- 
cence using anti-human HsplOS and anti-Hsp70 antibodies. 
Under nonstressed conditions, endogenous HsplOSa and 
Hsc70/Hsp70 were localized mainly in the cytoplasm of cells 
(Fig. 3A). "When tAR24 was transiently expressed in COS-7 
cells, both endogenous Hspl05or and Hsp70 were also detected 
in the cytoplasm of the cells (Fig. 3, B and C). In contrast, when 
tAE97 was transiently expressed in COS-7 cells, endogenous 
Hsp70 was colocalized to the aggregates of tAR97, whereas 
endogenous Hsp 105a was not. However, when overexpressed 
with tAR97 in cells, Hspl05a was colocalized to the aggregates 
of tAR97 (Fig. 3D), whereas HsplOSa was localized to the 
cytoplasm of cells in which tAR97 was not expressed. Thus, the 
increased amounts of HsplOSa in cells seemed necessary for 
the interaction with and binding to the tAR containing an 
expanded polyglutamine tract. 

Overexpression of HsplOSa Reduced Aggregation of tAR97— 
Hapl05a prevents the aggregation of denatured protein in vitro 
(46) and suppresses apoptotic cell death induced by various 
forms of stress in neuronal PC 12 cells (44). Because the over- 
expressed HsplOSa colocalized to intracellular aggregates of 
tAR97 (Fig. 3), we next examined the effects of Hspl05a on the 
aggregation of tAR containing an expanded polyglutamine 
tract. When expression plasmids for HsplOSa and tAR97 were 
cotransfected into COS-7 cells, the proportion of cells with 
tAR97 aggregates was reduced to —50% of that transfected 
without HsplOSa (Fig. 4, A and B). Overexpression of Hsp70 or 
Hsp40 also suppressed the formation of aggregates similarly to 
HsplOSa, and Hsp70 and Hsp40 in combination suppressed the 
formation strongly. However, the suppression of aggregation by 
Hsp70 and Hsp40 was not enhanced by the coexpression of 
HsplOSa. 

When cellular toxicity was analyzed by examining the nu- 
clear morphology of cells stained with Hoechst 33342, numbers 
of apoptotic cells with condensed chromatin were found to be 
markedly reduced by coexpression of HsplOSa with tAR97 (Fig. 
4C). Overexpression of Hsp70 and/or Hsp40 also suppressed 
apoptotic cell death caused by expression of tAR97. Further- 
more, when various amounts of HsplOSa were coexpressed 
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FlG. 4. Effects of HeplOfia on aggre- 
gation of tAB97. A, COS-7 cells were 
cotransfected with expression plaamids 
far tAR97 (0.5 jig) and pcDNAS.l vector, 
HsplOS, Hep70, and/or Hsp40 (1 fig each) 
and incubated further far 72 h. Typical 
images of fluorescence of GFP are shown. 
B t rates of cells with aggregates versus 
GFP-pcaitive cells are shown. C t rates of 
apoptotic cells with condensed chromatin 
versus GFF-positive cells are shown. Val- 
ues inB and C represent the mean ± S.D. 
of three independent experiments. Statis- 
tical significance was determined using 
Students t test; * p < 0.01 versus control 
with vector, t, P < 0.01 versus cells over- 
expressing Hsp70 or Hsp40 alone. 
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Fig. 5. HsplOSa suppresses aggregation of tAR97 and cellular 
toxicity in a dose-dependent manner. The expression plasm ids for 
empty vector, HsplOSa, and/or tAR97 were introduced into COS-7 cells, 
and the cells were incubated further for 72 h. GFP fluorescence was 
observed using a confocal laser scan microscope. Rates of cells with 
aggregates or apoptotic cellfl/GFP-positive cells are shown as dosed or 
opened bars, respectively. Values represent the mean - S.D. of three 
independent experiments. Statistical gi gnifkfflir-e was determined us- 
ing Student's t test; *,p < 0.01 versus control with vector. Lower panels 
show Western blots of HsplOSa and Hap 70 in the cells. 

with tAR97, the aggregation of tAR97 and apoptoais were both 
suppressed depending on cellular levels of HsplOSa (Fig. 6). 
Under these conditions, cellular levels of endogenous Hsp70 



were not changed by overexpression of HsplOSa (Fig. 5, lower 
panel). These findings Btrongly suggested that when overex- 
pressed, HsplOSa suppressed effectively not only the formation 
of aggregates but also the expanded polyglutajiiine-mediated 
cellular toxicity. 

Identification the Domain of HsplOSa Required for Suppres- 
sion of tAR97 Aggregation— Hspl06a is composed of N-termi- 
nal ATP binding, central /3-sheet, loop and (> terminal a-helix 
domains, similar to the Hsp70 family proteins. To determine 
the domain of HsplOSa essential to suppress the aggregation 
caused by expansion of the polyglutamine tract, we constructed 
expression plasmids for various deletion mutants of HsplOSa, 
as shown in Fig. €A. When coexpressed with tAR97 in COS-7 
cells, the HsplOSa mutant C3 or AL significantly suppressed 
the aggregation of tAR97 as did wild-type HsplOSa (Fig. 6B). 
However, other deletion mutants failed to suppress the aggre- 
gation of tAR97. Because the C3 and AL mutants contain both 
0-sheet and a-helix domains, these domains seemed to be es- 
sential to suppress the aggregation caused by expansion of the 
polyglutamine tract. 

HsplOSa Inhibits Aggregation of GST tAR65 in Vitro—To 
examine farther whether HsplOSa can directly suppress ag- 
gregation of the expanded polyglutamine tract, we analyzed 
the effects of HsplOSa on the aggregation of tAR65 in vitro 
(Fig. 7). GST-tAR65-HA was incubated with or without 
Hspl05cx or its mutant, and insoluble aggregates that formed 
during the incubation were collected on cellulose acetate mem- 
branes. HsplOSa suppressed the aggregation of tAR65 in a 
dose-dependent manner (Fig. 7A). Furthermore, the aggrega- 
tion was suppressed by wild-type HsplOSa and the mutants C3 
and AL but not by other deletion mutants (Fig. 75). Thus, it 
was suggested that HsplOSa itself suppressed the aggregation 
of truncated AR containing an expanded polyglutamine with- 
out other cellular components and that both the 0-sheet and 
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Fig. 6. Domain of HsplOSa required for suppression of aggre- 
gation of tAH97. A, schematic diagram of deletion mutants of 
HaplOStt. JB, COS-7 cells were cotransfected with expression piasmid for 
tAR97 and deletion mutant of Hap 106a and incubated further for 72 h. 
GFP fluorescence was observed using a confocat laser scan microscope. 
Rates of cells with aggregates versus GFP-positive cells are shown. 
Values represent the mean ± S.D. of three independent experiments. 
Statistical significance was determined using Student's t teat; *, p < 
0.01 versus control with vector. 

a-helix domains of HsplOSa seemed necessary for Hie suppres- 
sion in vitro as well as in vivo. 

i Immunokistochemistry of HsplOSa in Nuclear Inclusions in 
the Tissues of SBMA Patients and Transgenic Mice — Nuclear 
inclusions containing mutant and truncated AR with an ex- 
panded polyglutamine have been shown to occur in residual 
motor neurons in the brain stem and spinal cord (4) and also in 
the skin, testis, and some other visceral organs of SBMA pa- 
tients (5). We next examined whether HsplOSa localizes in the 
nuclear inclusions in these tissues of SBMA patients. As shown 
in Fig. 8, A and B, HsplOSa staining was observed in nuclear 
inclusions in neurons of the spinal anterior horn and scrotal 
skin epidermal cells. Furthermore, when male transgenic mice 
carrying a full-length AR with an expanded polyglutamine (97 
repeats) tract and showing neuropathologic changes equivalent 
to human SBMA (49) were examined immunohiatochemically, 
HsplOSa was also detected in nuclear inclusions in neurons of 
the spinal anterior horn and muscle cells (Fig. 8, C and D). 
However, although HsplOSa was commonly observed in nu- 
clear inclusions in scrotal skin epidermal cells of SBMA pa- 
tients and in muscle cells of the transgenic mice, only a few 
HsplOS-immunoreactive nuclear inclusions were observed in 
neurons of the spinal anterior horn of either patients or mice. 

DISCUSSION 

Hspl05a is a stress protein expressed at an especially high 
level in mammalian brain (43) and has an antiapoptotic effect 
in neuronal cells (44). HsplOSa prevents the aggregation of 
denatured proteins caused by heat shock in vitro but has not 
been shown to have chaperone activity (45). Here, we showed 
jhat HsplOSa suppressed not only the formation of intracellu- 
lar aggregates but also apoptosis caused by an expansion of the 
polyglutamine tract in a cellular model of SBMA. HsplOSa is 




Fig. 7. HsplOSa inhibits the aggregation of tAH65 in vitro. A, I 

pM GST-tAR65-HA was incubated witii 2or4^M HsplOSa or 4 jxMBSA 
at 25 °C for 16 h. B, 1 jiM GST-tAR66-HA was incubated with HsplOSa, 
various deletion mutants of HsplGbo, or BSA (4 jlU each) at 26 C C for 
16 h. Then, aggregates were trapped on cellulose acetate membranes 
and detected by immunoblotting using anti-HA antibody. Densities of 
spots were quantified, and relative rates of tAR65 retained on mem- 
branes are shown as an aggregation index. Values represent the 
mean ± SD. of three independent experiments. Statistical significance 
was determined using Student's t test; *, p < 0.01 versus control with 
BSA 

composed of N-terminal ATP binding, central 0-sheet, loop, and 
C- terminal a-helix domains, similar to the Hsp70 family pro- 
teins. For the suppression of aggregation of truncated AR con- 
taining an expanded polyglutamine tract, 0-sheet and a-helix 
domains of Hspl05a were essential in vivo and in vitro. Hsp70 
binds unfolded proteins at the 0-sheet domain and prevents 
aggregation of denatured proteins (50), and the a-helix domain 
is essential for stable binding to the substrate protein (50). 
Recently, we found that die 0-sheet domain of HsplOSa could 
bind to denatured proteins. 8 Because HsplOSa mutants with 
0-sheet but not a-helix domains did not prevent the aggrega- 
tion of truncated AR containing an expanded polyglutamine 
tract in vivo and in vitro y the a-helix domain may be necessary 
for stabilization of the HsplOSa-substrate complexes as is 
Hsp70. 

Hsp70 and Hsp40 have recently been identified as important 
regulators of polyglutamine aggregation and/or cell death in 
cellular models of polygiutarnine disease (29). Hsp70 promotes 
protein folding by an ATP-dependent process involving 
polypeptide segments enriched in hydrophobic residues (50, 51) 
and cooperates in this function with members of the Hsp40 
family (52). The binding of Hsp70 to substrate proteins may 
prevent protein aggregation directly by shielding the interac- 
tive surfaces of normative polypeptides. Suppression of poly- 
glutamine-induced neurotoxicity by expression of Hsp40 alone 



2 N. Yamagiflhi, K. Ishihara, and T. Hatayama, unpublished data. 
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■ FlQ. 8. Immnnohistochemlstry of Hspl05er in nuclear inclu- 
sions in the tissues of patients and transgenic mice with SBMA. 
Tissue sections of spinal anterior horn (A) and scrotal akin OB) from 
SBMA patients or spinal anterior horn (O and muscle (D) from male 
AB^Q97 transgenic mice were e*q "li ned using anti-human Hspl05 or 
rabbit anti-mouse Hap 105 antibody, respectively, and counterstained 
with methyl green. Arrowheads indicate nuclear inclusions. 

is most likely caused by the ability to activate the endogenous 
Hsp70 for suppression of the neurotoxicity. Here, we showed 
that overexpression of Hspl05a alone suppressed the aggrega- 
tion of truncated AR containing an expanded polyglutamine 
tract similarly to Hsp70 or Hsp40, whereas Hsp70 and Hsp40 
in combination suppressed the aggregation much more mark- 
edly. However, because the suppression of aggregation by 
Hsp70 and Hsp40 was not enhanced by the coexpression of 
Hspl05a, HsplOSa and Hsp7O/Hsp40 seem to suppress the 
polyglutamine-induced neurotoxicity by similar mechanisms. 

In polyglutamine diseases such as spinocerebellar ataxia 
type 3/Mach ado-Joseph disease, Hsp70 colocalizes in intracel- 
lular aggregates} whereas Hspl05a is not found in the aggre- 
gates (27). In the present study, HsplOS was detected in nu- 
clear inclusions in neuronB of the spinal anterior horn and 
scrotal skin epidermal cells of SBMA patients and also in 
neurons of the spinal anterior horn and muscle cells of SBMA 
transgenic mice, although only a few HsplOS-immunoreactive 
nuclear inclusions were observed in neurons of the spinal cord 
of the patients and mice. On the other hand, in a cellular model 
of SBMA, endogenous Hsp70 but not endogenous Hap 105a 
focalized to aggregates of tAR97, although the overexpressed 
HsplOSa localized to the aggregates of tAB97. Because Hsp70 
exists in much larger amounts than Hsp 105a in cells, Hsp70 
may interact preferentially with truncated AR containing an 
expanded polyglutamine tract. However, when HsplOSo: was 
overexpressed in the cells, reaching high levels, it seemed to 
bind and localize to truncated AR containing an expanded 
polyglutamine tract like Hsp70. Thus, the existence of molec- 
ular chaperones at high concentrations in cells may be essen- 
tial to prevent the aggregation of truncated AR containing an 
expanded polyglutamine tract. 

The intranuclear aggregation of truncated AR containing an 
expanded polyglutamine tract and apoptotic cell death coin- 
cided in the cellular model of SBMA, and both processes were 
suppressed by overexpression of HsplOSo. As to the mecha- 
nism by which HsplOSa suppresses the apoptosis caused by 



expansion of the polyglutamine tract, one possibility is that 
suppression of aggregation by HsplOSa mediates suppression 
of apoptosis. Key components of the transcription apparatus, 
such as cAMP response element binding protein-binding pro- 
tein, p53, and TAF n 130, are sequestered in polyglutamine- 
containing inclusions, then the expanded polyglutamine tract 
causes altered gene transcription (30, 63-57). By preventing 
the formation of intranuclear aggregates, HsplOSa may sup- 
press the alteration of gene transcription caused by an ex- 
panded polyglutaunine tract and eventually apoptotic cell 
death. 

Another possibility is that the abilities of HsplOSa to sup- 
press aggregate formation and cellular toxicity caused by ex- 
pansion of the polyglutamine tract are independent. Recently, 
molecular chaperones, such as Hsp70, Hsp40, and Hsp27, were 
shown to suppress an expanded p oly giutemine-mediat ed cellu- 
lar toxicity independently of suppression of aggregation (35, 
36). Although the relationship between the aggregation and the 
induction of apoptosis remains unknown, the suppression of 
cellular toxicity by molecular chaperones may be caused by the 
ability to inhibit apoptosis. HsplOSa suppresses heat shock- 
induced apoptosis in neuronal cells by preventing the activa- 
tion of c-Jun N-terminal kinase (44). Because c-Jun N-terminal 
kinase is activated by the expanded polyglutamine tract (58), 
HsplOSa may also suppress the cellular toxicity by its ability to 
inhibit apoptosis. 

In conclusion, we identified HsplOSa as a novel molecule 
that reduces aggregation and cellular toxicity caused by an 
expansion of the polyglutamine tract. Molecular chaperones, 
such as HsplOSa, Hsp70, Hsp40, and Hsp27, seem to suppress 
cell toxicity caused by an expansion of the polyglutamine tract. 
These findings suggest that increasing the expression levels or 
enhancing the function of chaperones in neurons may open up 
a promising approach to the treatment of polyglutamine dis- 
eases, although more studies are required to determine the 
precise mechanism of neurcdegeneration of CAG repeat 
diseases. 
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